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A  Partnership  Training  Program  -  Studying  Targeted  Drug  Delivery  Nanoparticles  in  Breast  Cancer 

Diagnosis  and  Therapy 


I.  INTRODUCTION 

In  this  program,  we  proposed  to  establish  a  Nanomedicine  Core  to  train  faculty  and  students  at 
Howard  University  to  pursue  molecular  imaging  of  breast  cancer  using  nanoparticles  as  targeted  drug 
delivery  vehicles.  This  is  a  partnership  with  the  Johns  Hopkins  University  In  Vivo  Cellular  Molecular 
Imaging  Center  and  the  Nanotechnology  Characterization  Lab  at  NCI-Frederick.  At  Howard  University, 
this  partnership  involves  a  multidisciplinary  consortium  of  four  departments:  Radiology,  Radiation 
Oncology,  Molecular  Biology  and  Biochemistry,  and  Electrical  Engineering.  The  program  has  two 
components,  a  research  component  and  a  broad  training  component.  The  Howard  University  trainees 
will  obtain  training  through  collaborative  research  and  by  participation  in  a  broad  based  training 
program.  Renowned  experts  in  nanomedicine  and  molecular  imaging  will  participate  in  the  training 
through  mentoring  research,  seminars,  workshops,  and  by  offering  laboratory  internships.  This  transfer 
of  nanomedicine  techniques  will  support  ongoing,  long-term  breast  cancer  research  at  Howard 
University.  The  major  goal  is  to  provide  faculty  trainees  and  their  students  at  Howard  with  updated 
nanomedicine  techniques  to  apply  to  independent  breast  cancer  research,  thus  enhancing  their  ability 
to  educate  the  next  generation  of  scientists.  The  program  objectives  are: 

1.  Train  new  researchers  in  breast  cancer  using  modern  nanomedicine  techniques. 

2.  Offer  lectures,  seminars,  workshops,  and  laboratory  internships  in  nanotechnology  and 
molecular  imaging. 

3.  Conduct  two  proposed  research  projects. 

4.  Establish  a  Nanomedicine  Core  to  support  long-term  sustainable  research. 

5.  Research  concept  development  and  submission  of  competitive  grants  in  breast  cancer  imaging. 

II.  BODY 

Molecular  imaging  and  functional  MRI  continue  to  provide  new  insights  into  the  etiology, 
diagnosis,  and  treatment  of  breast  cancer.  In  clinic,  these  methods  have  made  a  significant  impact  in 
breast  cancer  diagnosis  and  in  monitoring  response  to  therapy.  As  our  understanding  of  breast  cancer 
advances,  we  further  recognize  the  complexities  of  this  disease  and  the  urgent  need  for  individualized 
characterization  and  treatment.  Recent  exciting  advances  in  the  application  of  MR  methods  for  breast 
cancer  research  have  resulted  from  the  development  of  contrast  agents  (CAs)  that  generate  receptor- 
targeted  or  molecular-targeted  contrast.  Targeted  CAs  can  be  directed  to  cell  surface  receptors  using 
antibodies  [1,  2]  or  'smart'  agents  activated  by  specific  enzymes,  or  based  on  the  expression  of 
detectable  reporters  [3,  4],  These  molecular  imaging  capabilities,  in  combination  with  the  strong 
functional  imaging  capabilities  of  MR  methods,  allow  molecular-functional  characterization  of  cancer 
and  the  physiological  microenvironment  of  tumors  [5],  Non-invasive  MR  can  play  an  important  role  in 
the  molecular-functional  characterization  of  breast  cancer  for  detection,  drug  delivery,  development  of 
therapeutics,  and  monitoring  of  treatment  response.  Lately,  the  development  of  nanotechnology  has 
also  had  a  dramatic  impact  on  diagnosis  and  treatment  [6-8],  Among  many  possible  applications  of 
nanotechnology  in  medicine,  the  use  of  various  nanomaterials  as  pharmaceutical  delivery  systems  for 
drugs,  DNA,  and  imaging  agents  has  gained  increasing  attention.  Many  nanoparticle-based  drug  delivery 
and  drug  targeting  systems  have  been  approved  by  FDA  or  are  under  development  [9-11],  Their  use 
aims  to  minimize  drug  degradation,  prevent  undesirable  side  effects,  and  increase  drug  bioavailability 
and  the  fraction  of  drug  dosage  delivered  to  the  pathological  area. 
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In  order  to  achieve  the  goals  of  this  training  program,  we  have  proposed  conducting  two 
research  projects  and  a  broad-based  training  program  to  train  researchers  at  Howard  University  in  the 
field  of  the  application  of  nanotechnology  in  targeted  drug  delivery.  In  conjunction  with  these  activities, 
we  also  proposed  establishing  a  University  Nanomedicine  Core  to  promote  and  facilitate  campus-wide 
research  and  training.  The  following  progress  report  is  a  summary  of  the  accomplishments  for  the  third 
year  in  the  areas:  (i)  research,  (ii)  training,  (iii)  establishment  of  Nanomedicine  Core,  and  (iv)  alignment 
with  the  Statement  of  Work. 

II. 1.  Research  Projects 

Project  1:  Study  the  physicochemical  characteristics  of  nanoparticles  as  MR  contrast  agent  delivery 

system  with  the  dynamic  contrast  enhancement  pattern  for  clinical  applications 

In  the  first  three  years  of  this  grant,  we  have  made  liposome  (Lip)  with  transferrin  (Tf)  as  ligand 
on  the  surface.  This  transferrin  labeled  liposome  (Tf-Lip)  has  demonstrated  to  be  preferentially  targeted 
to  MD-MB-231  breast  cancer  cells  both  in  vitro  and  in  vivo.  We  have  used  these  liposomes  loaded  with 
gadolinium  (Gd)  based  MRI  contrast  agent  (CA)  in  a  dynamic  contrast  enhancement  (DCE)  study  of  solid 
tumor.  The  MRI  image  of  tumors  using  transferrin  targeted  liposome  (Tf-Lip-CA)  versus  liposome 
without  transferrin  (Lip-CA)  showed  very  distinct  image  enhancement  patterns.  The  MRI  image 
enhancement  by  Tf-Lip-CA  is  much  faster  than  by  Lip-CA.  The  enhancement  pattern  is  heterogeneous 
throughout  the  solid  tumor  and  correlates  well  with  the  level  of  transferrin  receptor  expression  in  the 
cancer  cells,  shown  by  histological  findings.  Cancer  cells  with  high  levels  of  transferrin  receptors,  such  as 
the  fast  proliferating  cancer  cells  usually  located  at  the  outer  regions  of  tumor  showed  faster  and 
stronger  enhancement.  The  enhancement  pattern  and  liposome  endocytosis  process  varies  depending 
on  liposome  size.  In  order  to  study  the  endocytosis  process  of  the  liposome,  we  have  implemented  a 
pharmacokinetic  model  to  analyze  the  MRI  image  enhancement  pattern. 

Pharmacokinetic  parameters  often  used  in  DCE-MRI  pharmacokinetic  analysis  include 
extracellular  extravascular  space  (EES),  volume  transfer  constant  between  EES  and  blood  plasma,  EES 
volume,  blood  plasma  volume,  rate  constant  from  EES  to  blood  plasma,  rate  constant  from  blood 
plasma  to  EES,  rate  constant  from  EES  to  cancer  cells,  and  rate  constant  from  cancer  cells  to  EES. 
However,  the  methodological  implementation  in  pharmacokinetics  analysis  has  been  highly  variable, 
leading  to  multiple  challenges  in  data  quality.  One  of  the  challenges  is  the  size  distribution  of  liposome 
used  in  the  study.  This  year,  we  have  made  great  efforts  to  perfecting  the  liposome  fabrication  method 
in  order  to  construct  well  characterized  liposomes  with  a  narrow  size  distribution  for  targeted  drug 
delivery.  Utilizing  the  well-defined  liposomes  of  different  sizes,  we  will  study  the  differences  in  cell 
uptake  of  Tf-Lip-CA  in  solid  tumor. 

Liposome  Preparation  and  Reduction  of  Size  Distribution 
Liposome  Preparation 

We  have  used  a  thin-film  hydration  method  for  liposome  preparation  [12],  Various  lipid 
components  (DPPC,  DSPE-PEG,  and  cholesterol)  were  first  mixed  in  chloroform.  The  chloroform  was 
then  removed  by  nitrogen  gas  using  a  rotary  evaporator  resulting  in  a  thin  lipid  film.  The  lipid  film  was 
hydrated  with  buffer  under  agitation  to  form  liposomes.  The  liposomes  at  this  stage  were  large  and  had 
a  wide  distribution  of  sizes.  The  heterogeneous  liposomes  were  repeatedly  extruded  through  a  series  of 
200, 100,  80,  50,  and  30  nm  polycarbonate  membrane  filters  to  create  smaller  liposomes,  with  the  size 
of  the  resulting  liposome  depending  on  the  combination  of  filters  used.  Sonification  was  applied  to 
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further  break  down  liposomes  to  smaller  sizes  before  50  and  30  nm  extrusion.  The  liposomes  were  then 
conjugated  with  PEG  to  prolong  blood  circulation  [13]. 

The  size  of  the  liposomes  was  determined  by  dynamic  light  scattering  (DLS).  For  an  example,  five 
different  groups  of  liposomes,  varying  in  size  from  50  to  170  nm,  were  produced  using  the  extrusion 
method  (Figure  1).  The  relative  standard  deviation  (RSD)  of  liposome  size  was  in  the  range  of  20-30%, 
suggesting  a  relatively  large  size  distribution  in  each  group,  which  may  lead  to  poor  quality  DCE  data  and 
mask  the  subtle  differences  in  image  enhancement  patterns  of  different  size  liposomes.  A  narrow  size 
distribution  will  be  critical  for  studying  the  size  dependence  of  targeted  liposome  uptake  in  solid  tumors. 

Size  Distribution  By  Intensity 


10  100  1000 

Size  (d.  nm) 


Figure  1.  Liposome  size  measurement.  Liposomes  were  made  using  the  extrusion  method.  Each  group  of 
liposomes  is  labeled  with  membrane  filter  size.  The  size  measurement  is  intensity  weighted. 

DLS  is  a  commonly  used  technique  for  measuring  particle  size  in  colloidal  suspensions  [14].  The 
DLS-measured  particle  size,  known  as  z-average  size,  is  a  scattered  light  intensity  weighted  mean  size  of 
the  particle  ensemble.  The  measured  size  is  biased  toward  the  larger-size  particles  in  the  distribution.  In 
order  to  confirm  the  size  distribution  measurement  of  our  liposomes,  we  are  planning  to  use  cryo- 
transmission  electron  microscopy  (cryo-TEM)  at  the  University  of  Maryland  College  Park  to  confirm  the 
liposome  size  distribution  and  to  check  the  accuracy  of  DLS  measurement. 

Reduction  of  Size  Distribution 

In  order  to  narrow  down  the  size  distribution  of  liposomes  created  with  the  extrusion  method, 
we  are  developing  a  size  exclusion  chromatography  (SEC)  method  to  separate  liposome  of  different 
sizes.  This  method  has  been  shown  effectively  producing  liposomes  with  well-defined  size  [15].  In  the 
meantime,  we  are  also  implementing  a  relatively  new  microfluidic  flow-focusing  method  to  produce 
liposomes  with  a  very  narrow  size  distribution  [16].  This  method  consists  of  a  fast  central  flow 
containing  lipid  in  an  alcohol  solution,  which  intersects  from  both  sides  by  aqueous  buffer  solutions 
(Figure  2).  When  these  three  flows  merge  into  a  central  microchannel,  the  alcohol  and  lipids  diffuse  into 
the  aqueous  buffer  solution.  As  the  alcohol  solution  is  diluted  to  a  critical  concentration,  the  lipids 
assemble  spontaneously  to  form  liposomes.  This  microfluidic  method  enables  a  controlled  formation  of 
liposomes  size  ranging  from  about  50  to  150  nm  in  diameter,  with  RSDs  from  ~10%  for  smaller  liposome 
to  ~20%  for  larger  liposome  [17].  These  liposome  size  distribution  will  be  much  narrower  than  the  size 
distribution  currently  acquired  using  the  extrusion  method. 
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Figure  2.  Schematic  of  liposome  formation  in  a 
microfluidic  channel.  Andreas  Jahn.  2008.  Controlled 
liposome  formation  and  solute  encapsulation  with 
continuous-flow  microfluidic  hydrodynamic  focusing. 
(Doctoral  dissertation) 


NMR  Study  of  Tf  Binding  Process  in  Solid  Tumor 

Nuclear  magnetic  resonance  (NMR)  has  long  been  used  in  drug  discovery  to  study  ligand-target 
binding  process.  The  methods  of  detection  of  ligand  binding  fall  into  two  main  categories:  probing  the 
NMR  chemical  shift  signals  of  protein,  and  probing  the  relaxation  rates  of  ligand  in  the  free  or  bound 
states.  These  NMR  methods  are  capable  of  probing  the  dynamic  properties  of  ligand-target  binding  in 
solution  on  a  defined  timescale.  However,  these  methods  are  not  applicable  to  study  ligand-target 
binding  in  solid  tumor  due  to  the  lack  of  notable  differences  in  NMR  chemical  shift  between  the  bound 
and  free  states,  resulting  in  overlapping  peaks  caused  by  broad  line  widths. 

We  proposed  a  new  NMR  method  that  utilizes  a  distinguished  compartmental  model  to 
measure  chemical  exchange  kinetics  in  a  complex  in  vivo  solid  tumor  environment.  This  method  involves 
acquiring  a  series  of  Carr-Purcell-Meiboom-Gill  (CPMG)  measurements  and  processing  the  data  using 
two  different  analyses  (nonnegative  least  squares  (NNLS),  and  transverse  relaxation  dispersion).  The 
combined  strategy  allows  investigating  dynamic  ligand  binding  processes  that  are  inaccessible  to 
conventional  NMR  methods.  To  test  the  validity  of  this  approach,  we  have  used  a  simple  tryptophan 
binding  to  serum  albumin  model  to  detect  the  interconversion  in  a  two-site  exchange  system. 
6-fluoro-DL-tryptophan  (6F-TRP)  was  dissolved  in  0.05M  HCI  at  room  temperature  to  make  a  45-mM 
stock  solution.  Bovine  serum  albumin  (BSA)  was  then  dissolved  in  the  6F-TRP  stock  to  prepare  a  1.13- 
mM  BSA/  45-mM  6F-TRP  mixed  solution  for  characterization  of  chemical  exchange  process  between  the 
free  and  BSA-bound  states  of  6F-TRP.  To  mimic  a  condition  in  which  macromolecules  cannot  penetrate 
cellular  barriers,  such  as  cytoplasmic  membranes,  semi-permeable  dialysis  membranes  (8-10  kD  MWCO) 
were  implemented  to  separate  the  BSA/6F-TRP  mixed  solution  from  the  6F-TRP  solution.  All  the 
samples  were  separately  placed  in  5-mm  NMR  tubes  for  19F  transverse  relaxation  experiments.  19F  NMR 
data  were  measured  with  a  9.4T  Bruker  NMR.  T2  relaxation  data  were  collected  using  a  spectroscopic 
CPMG  pulse  sequence.  The  19F  T2  relaxation  decays  were  acquired  with  a  sufficient  number  of 
transients,  repetition  time  of  10s,  and  echo-spacing  2tcpmg  varying  from  0.2  to  25  ms  in  19  steps.  The 
acquired  19F  transverse  relaxation  decays  were  introduced  into  the  multiexponential  T2  relaxation 
analysis  by  using  the  NNLS  algorithm  equipped  with  the  Tikhonov  regularization  (detailed  in  the 
submited  manuscript): 


[1] 


The  NNLS  approach  makes  no  a  priori  assumptions  about  the  number  of  relaxation  components  present. 
A  minimum  energy  constraint,  i.e.  a  Tikhonov  regularization  of  second  kind  in  our  study,  is  imposed  into 
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the  function  to  lessen  the  impact  of  noise  on  the  curve  fitting  and  to  permit  generation  of  a  continuous 
T2  distribution.  Given  the  x2  misfit  defined  as 

Z2  =  £n=l(£m=l  AnmSm  ~  ynY  I [2] 

,  which  is  the  sum  of  variances  of  the  prediction  errors  divided  by  the  standard  deviation  of  yn,  a 
nonnegative  set  of  Sm  was  obtained  by  performing  regularization  of  NNLS  fits,  in  which  an  appropriate 
value  of  the  regularizer  p  was  selected  for  an  optimal  condition  that  the  x2  misfit  value  from  the 
regularized  fit  was  100.5%  of  the  non-regularized  x2- 
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Figure  3.  T2  distributions  obtained  from  NNLS  analysis  of  19F  transverse  relaxation  curves  measured  in 
the  (A)  6F-Trp,  (B)  BSA/  6F-Trp  mixed,  and  (C)  6F-Trp  and  BSA/  6F-Trp  mixed  bilayer  solutions. 


The  typical  T2  distribution  result  shown  in  Fig.  3  demonstrated  that  the  NNLS  analysis  is  capable 
of  detecting  signals  from  the  intracellular  and  extracellular  compartments,  which  was  mimicked  by  using 
the  dialysis  membrane  to  separate  the  protein-ligand  mixture  from  the  ligand-only  solution  in  this  study 
(Fig.  3C).  The  T2 distributions  containing  two  distinct  peaks  in  Fig.  3C  were  identified  and  verified  through 
examining  the  T2  distributions  of  6F-TRP  solution  (Fig.  3A)  and  BSA/6F-TRP  mixed  solution  (Fig.  3B), 
respectively.  Figure  4  shows  the  transverse  relaxation  dispersions  collected  in  the  free  6F-Trp,  the 
free/bound  exchanging  6F-Trp  and  their  associated  fitted  curves.  The  curves  fitted  to  the  relaxation 
dispersion  data  using  the  slow  exchange  model  (Eq.  1)  are  displayed  in  dashed  lines,  while  those  using 
the  skewed  population  approximation  model  (Eq.  2)  are  solid  lines.  The  slow  exchange  model  depicting 
the  blue,  dashed  curve  estimated  Sea  =  1231  ±  155  Hz  (or  3.27  ±  0.41  ppm)  in  the  BSA/6F-Trp  mixed 
solution,  compared  with  the  BSA-bound  6F-Trp  resonance  of  a  3.45-ppm  drift  from  the  free  peak 
observed  in  the  19F  spectra.  In  addition,  the  skewed  population  approximation  depicting  the  blue,  solid 
curve  provided  the  estimates  of  kex  =  249.8  s'1,  spin  populations  =  97.54%  (free  6F-Trp)  and  2.46%  (BSA- 
bound  6F-Trp),  respectively,  for  the  BSA/6F-Trp  mixed  solution,  referring  to  the  dissociation  constant  KD 
=  912  pM,  compared  with  spin  population  =  97.49  to  97.65%  (free  6F-Trp)  and  2.51  to  2.35%  (BSA-bound 
6F-Trp)  calculated  from  the  dissociation  constants  KD=  "10  to  3000  pM  reported  in  literature.  Here  we 
have  demonstrated  that  the  fitting  of  the  multiexponential-T2-analysis-derived  CPMG  relaxation 
dispersions  were  sensibly  comparable  to  the  results  in  previous  studies  using  other  different  methods. 
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This  work,  accomplished  by  using  the  analysis 
of  multicomponent  T2  relaxation  data  as  well  as  the 
CPMG  relaxation  dispersion  analysis,  demonstrates 
the  ability  to  initiate  the  study  of  the  targeting 
efficiency  of  liposome  in  vivo  and  the  examination  of 
Tf-liposome  biodistribution  under  the  same 
physiological  condition  as  the  DCE  MRI  study.  By 
monitoring  the  31P  NMR  relaxation  radiating  from  the 
cationic  lipid  l,2-dioleoyl-sn-glycero-3- 
phosphoethanolamine,  we  expect  to  see  a  change  in 
the  T2  relaxation  time  of  31P  nuclei  when  Tf-liposome 
nanoparticles  attach  TfR. 
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Figure  4:  The  transverse  relaxation 
dispersions  collected  in  the  free  6F-Trp  and 
the  free/bound  exchanging  6F-Trp 


Project  2:  Development  of  Multifunctional  Nanoparticles  for  Breast  Cancer  Diagnosis  and 

Treatment  -  Using  Anti-VEGFR-2  Immunotoxin  as  Dual  Purpose  Ligand  and 
Chemotherapeutics  as  Encapsulated  payload 

Angiogenesis  is  a  vital  process  for  tumor  development,  growth  and  metastasis  and  this  process 
involves  various  proangiogenic  factors,  forming  a  complex  interacting  network.  Among  these  factors 
are  vascular  endothelial  growth  factor  receptor  (VEGFR),  epidermal  growth  factor  receptor  (EGFR),  and 
prostate-specific  membrane  antigen  (PSMA).  Studies  have  shown  that  EGFR  is  overexpressed  and 
mutated  (EGFR  variant  III  or  EGFRvlll)  in  almost  all  types  of  cancer,  especially  in  those  arising  from  the 
brain,  breast,  head  and  neck,  lung  and  prostate.  EGFR  signaling  promotes  not  only  cancer  cell  growth, 
but  also  angiogenesis  by  inducing  other  proangiogenic  factors  such  as  VEGF  and  interleukin-8.  PSMA 
has  also  been  shown  to  be  universally  expressed  in  the  neovasculature  of  most  types  of  nonprostate 
cancers  including  breast  cancer.  PSMA  regulates  angiogenesis  by  modulating  integrin  signal 
transduction.  High  expression  of  EGFR,  EGFRvlll,  and  PSMA  and  their  critical  roles  in  tumor  growth  and 
angiogenesis  make  them  extremely  attractive  targets  to  develop  targeted  imaging  and  therapy  against 
tumor  angiogenesis  and  tumor  growth. 

Generation  of  a  Bispecific  Bivalent  Recombinant  Immunotoxin  (RIT)  against  Tumors  with  EGFR  and 
EGFRvlll  Expression 

Anti-EGFR  monoclonal  antibodies  (mAbs)  and  tyrosine  kinase  inhibitors  (TKIs)  have  been 
developed  and  investigated  intensively  in  an  attempt  to  develop  EGFR-targeted  therapy  of  various  types 
of  cancer.  However,  only  mAbs  have  to  date  demonstrated  a  certain  degree  of  survival  improvement  for 
a  small  subset  of  patients.  Results  with  reversible  and  irreversible  TKIs  are  generally  disappointing. 
Continued  development  of  mAbs  is  facing  formidable  challenges,  especially  with  the  dose-limiting  side 
effects  induced  by  their  binding  with  the  EGFR  expressed  in  normal  tissues,  and  with  the  innate  and 
acquired  resistance  associated  with  up-regulation  of  ligands  to  compete  with  mAbs  for  receptor  binding, 
persistent  activation  of  downstream  signaling  through  multiple  interacting  pathways,  and  EGFR 
mutations. 
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Table  1.  IC50of  DT390-BiscFv806 


Cell  lines 

Tumor  type 

IC50  (M) 

U87 

GMB 

1 .5  x  10'9 

U87-ED4 

GMB 

4.6  x  10'14 

JHU-29 

HNSCC 

1 .2  x  10'9 

JHU-13 

HNSCC 

3.8  x  10  10 

JHU-11 

HNSCC 

1.9  x  10-8 

JHU-19 

HNSCC 

1.0  x  10-9 

J  HU-22 

HNSCC 

1 .3x1  O'7 

JHU-6 

HNSCC 

2.1X10-8 

GMB:  glioblastoma  multiforme;  HNSCC:  head 
and  neck  squamous  cell  carcinoma 


By  capitalizing  on  the  unique  specificity  to  the 
overexpressed  EGFR  and  EGFRvlll  in  cancer,  and 
humanization-derived  benefits  of  the  mAb806,  we 
generated  a  bivalent  RIT,  designated  as  DT390-BiscFv806, 
by  fusing  an  engineered  diphtheria  toxin  (DT)  fragment 
(DT390)  with  the  humanized  mAb806-derived  bivalent 
single-chain  variable  fragment  (biscFv)  via  amino  acid 
linkers.  DT390-BiscFv806  was  produced  with  a  DT- 
resistant  Pichia  expression  system.  They  were  purified 
following  a  four-step  scheme:  diafiltration,  capture  by 
hydrophobic  chromatography,  borate  anion  exchange 
chromatography,  and  anion  exchange  chromatography. 
The  purity  of  the  final  product  was  >95%.  NuPAGE  4-12% 
gel  electrophoresis  and  Superdex  200  size-exclusion 
chromatography  revealed  a  single  band  and  a  major 
peak,  respectively,  with  a  size  of  ~97  kDa. 

We  then  tested  the  cytotoxicity  of  DT390-BiscFv806  against  a  group  of  cancer  cell  lines  (Table  1). 
Cytotoxicity  studies  showed  that  DT390-BiscFv806  was  highly  cytotoxic  although  the  half  maximal 
inhibitory  concentration  (IC5o)  was  different  against  different  cancer  cell  lines  (Table  1).  The  IC5o  of 
DT390-BiscFv806  was  measured  to  be  1.5  x  10"9  M  and  4.6  x  10  14  M  for  U87  and  EGFRvlll-transfected 
U87-EGFRvlll  cells,  respectively.  Notably,  DT390-BiscFv806  had  four  orders  of  magnitude  more  potency 
against  the  U87-EGFRvlll  cells  than  against  the  parental  U87  cells. 

The  IC5o  of  DT390-BiscFv806  varied  among  the  six  HNSCC  cell  lines  and  there  was  a  good 
correlation  between  the  IC5o  and  the  EGFR  expression  levels.  The  HuBiscFv-DT390  exhibited  the  highest 
cytotoxicity  against  the  JHU-13  cells  with  an  IC5o  of  3.8  x  10  10  M  (Table  1).  The  JHU-6  cells  that  had  the 
least  EGFR  expression  showed  the  least  sensitivity  to  the  HuBiscFv-DT390  with  an  IC50  of  2.4  x  10'7  M. 

We  further  evaluated  the  antitumor  efficacy  of  DT390-BiscFv806  in  established  U87-EGFRvlll 
and  U87  animal  xenograft  tumor  models  (Fig.  5).  The  tumor  growth  was  inhibited  significantly  by 
systemic  administration  of  DT390-BiscFv806  with  a  mean  percentage  tumor  growth  inhibition  (%TGI)  of 
76.3%  (ranging  from  59.8%-96.2%)  and  59.4%  (ranging  from  31.5%-76.0%),  respectively. 

A  manuscript  regarding  the  generation  of  DT390-BiscFv806  and  studies  on  its  anti-tumor 
efficacy  has  been  prepared  and  submitted  to  the  journal,  Clin  Cancer  Res,  for  publication. 


Days  after  beginning  of  treatment  Days  after  beginning  of  treatment 


Figure  5  Growth  inhibition  of  established 
tumor  xenografts  by  DT390-BiscFv806.  1A 
and  1C  represent  the  changes  of  the 
relative  tumor  volume  (RTV)  of  U87- 
EGFRvlll  and  U87  tumor  xenografts, 
respectively,  at  different  times  after 
beginning  of  treatment.  IB  and  ID  show 
the  changes  of  the  %TGI  of  U87-EGFRvlll 
and  U87  xenografts,  respectively,  at 
different  times  after  beginning  of 
treatment. 
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Engineered  Antibody  Fragments  for  PSMA-targeted  Imaging 


The  high  specificity  of  antibodies,  along  with  the  potential  of  imparting  molecular  specificity  into 
existing  imaging  modalities,  makes  them  extremely  attractive  for  molecular  imaging.  Because  of  their 
dependence  on  a  specific  antigen  target,  antibodies  are  more  suitable  for  imaging  cancers  with  slow 
growth  rate  and  low  metabolic  activity  such  as  prostate  cancer.  However,  two  major  issues  form  a 
critical  barrier  for  their  use  in  tumor  imaging.  One  is  the  long  circulation  time  (few  days  to  weeks  in 
blood),  which  requires  at  least  1-2  days  after  administration  to  reach  a  clear  and  specific 
tumor/background  tissue  contrast.  Another  is  the  poor  tumor  tissue  penetration,  imposed  by  the  large 
molecular  size  of  antibodies,  binding-site  barrier,  and  high  tumor  interstitial  pressure.  As  a  result,  the 
contrast  enhancement  is  suboptimal,  same-day  imaging  is  unachievable,  and  to  date,  only  a  small  group 
of  antibodies  have  been  approved  for  clinical  imaging. 

Because  of  the  common  issues  of  antibodies,  great  efforts  have  been  made  to  generate 
antibody  fragments.  The  most  critical  aspect  in  antibody  engineering  is  generating  antibody  fragments 
with  high  functional  activity  in  high  quantity  and  purity.  This  project  is  designed  to  develop  a  novel 
PSMA-specific  platform  of  engineered  antibody  fragments  for  molecular  imaging  of  prostate  cancer.  The 
project  is  formulated  on  the  hypotheses:  1)  engineered  fragments  could  serve  as  a  platform  to  develop 
imaging  agents,  such  as  PET  and  optical  imaging  agents,  with  high  sensitivity  and  specificity  to  cancers 
that  overexpress  PSMA;  and  2)  engineered  fragments  will  enable  imaging  on  the  same  day  as 
administration,  in  contrast  to  antibodies. 

In  the  initial  studies,  we  engineered  three  formats  of  PSMA-targeted  antibody  fragments:  a 
single-chain  variable  fragment  (scFv,  27  kDa),  a  bivalent  tandem  scFv  (biscFv,  54.6  kDa),  and  a  bivalent 
scFv  fold-back  diabody  (scfbDb,  54.6  kDa),  capitalizing  on  the  high  specificity  of  J591  antibody  against 
the  extracellular  domain  of  PSMA.  The  scFv  contained  one  VL  and  one  VH  joined  by  a  15  amino  acid  linker 
((G4S)b),  while  the  biscFv  had  two  identical  scFvs.  The  long  linker  allows  for  proper  folding  and 
dimerization  of  the  VL/VH  within  the  same  scFv  to  form  the  binding  sites.  Different  from  the  scFv  and 
biscFv,  the  scfbDb  consisted  of  two  scFvs  bridged  by  optimized  lengths  of  GS  linkers.  The  fold-back 
structure  of  scfbDb  was  formed  by  preventing  dimer  formation  between  the  Vi/VH  within  the  same  scFv 
by  reducing  the  VL/VH  linker  to  five  residues  (G4S),  while  permitting  interactions  between  the  distal  and 
proximal  VL/VH  domains  from  different  scFv  by  placing  a  longer  linker  ((G4S)b)  between  the  two  scFv. 


Figure  6  shows  the  non-reducing  SDS-PAGE  electrophoresis  of  the 
fold-back  diabody  as  a  representative  of  the  fragments.  Each  lane 
represents  the  eluted  scfbDb  with  different  concentrations  of  NaCI 
from  an  anion  exchange  column.  The  scfbDb  in  lane  9  is  the  product 
used  for  studies. 


Competition  assay  showed  that  the  binding  affinity  of  scfbDb  was  7-fold  and  2.5-fold  higher 
than  that  of  biscFv  and  scFv,  respectively.  The  scfbDb  was  confirmed  for  its  ability  to  efficiently  mediate 
the  entry  of  the  toxin  moiety,  DT390,  to  the  cytosol  of  PSMA-expressing  LNCaP  cells,  but  not  to  PSMA- 
absent  PC-3  cells  under  confocal  microscopy.  Optical  imaging  studies  with  the  fluorescently  labeled 
scfbDb  are  ongoing  in  animal  models  of  cancer. 


11.2.  Broad  Based  Training  Components 

The  Molecular  Imaging  Laboratory  has  regular  bi-weekly  group  meetings,  journal  clubs,  and 
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seminars.  Some  seminars  have  been  arranged  through  webinars  sponsored  by  imaging  vendors,  giving 
the  Howard  University  community  the  opportunity  to  attend  seminars  given  by  experts  from  around  the 
world,  followed  by  very  productive  and  fruitful  local  discussions.  The  group  meetings  engage 
participants  in  discussing  the  current  status  of  research  projects,  analyzing  any  experimental  issues  of 
the  current  research,  reviewing  progress,  and  exchanging  ideas,  and  have  been  the  primary  mode  of 
interaction  between  Howard  researchers  and  collaborating  experts.  The  faculty  trainees  have  also 
attended  seminars  at  JHU  ICMIC.  The  HU  and  JHU  partnership  leaders  have  been  coordinating  the 
training  efforts  through  meetings  and  emails.  Through  participation  in  the  Imaging  Core-sponsored 
seminars  and  workshops,  and  interaction  with  Imaging  Core  staff,  a  multidisciplinary  nanomedicine 
research  community  has  been  established  and  many  fruitful  exchanges  of  research  ideas  generated. 
Significant  common  synergies  of  interests  have  been  identified,  and  much  multidisciplinary  research 
collaboration  has  developed.  This  year,  the  Molecular  Imaging  Lab  has  continued  to  provide  didactic 
training  for  Howard  researchers.  The  Molecular  Imaging  Lab  has  offered  a  series  of  NMR/MRI  Lectures 
and  Hands-on  Training,  and  also  has  supported  staff  to  attend  a  NIH  FAES  graduate  nanomedicine 
course  and  a  NIST  workshop  on  standards  for  the  advancement  of  optical  medical  imaging. 

This  year,  there  were  two  new  faculty  members  using  the  facility  to  conduct  research  in  the 
nanomedicine  field  due  to  the  establishment  of  the  Nanomedicine  Core  through  this  funding  support.  In 
total,  there  were  11  faculty  members  from  7  departments  and  11  scientists  from  the  other  institutions, 
including  Children's  National  Medical  Center,  Johns  Hopkins,  Fu  Jen  University,  and  Angimmune,  who 
used  the  core  facility  to  conduct  16  research  projects.  Six  postdoctoral  fellows,  9  graduate  students  and 
1  undergraduate  student  worked  with  principle  investigators  on  various  research  projects.  Two  graduate 
students  graduated  this  year  and  received  PhD  degrees.  The  faculty  trainees  and  postdocs  of  the 
program  have  submitted  grants  to  NIH,  CDMRP,  and  NSF  together  with  partnership  leaders.  We  believe 
that  trainees  engaged  in  this  training  program  gain  the  interdisciplinary  knowledge  and  skills  they  need 
to  lead  multidisciplinary  research  in  the  area  of  nanomedicine.  The  seminars  and  workshops  organized 
at  Howard  University,  as  well  as  at  other  institutions,  are  listed  as  following: 

Seminars  and  workshops 

1.  RTRN  Research  Resources  Spotlight  Webinar  Series  -  Howard  University  Imaging  Core  Facility: 
Molecular  Imaging  Laboratory.  Paul  Wang,  September  26,  2013 

2.  Molecular  Fluorescent  Imaging  Guided  Cancer  Resection  -  From  Bench  to  Bedside.  Sammuel 
Achlefu,  Johns  Hopkins/Radiology,  October  9,  2014 

3.  Measuring  Renal  Oxygenation  in  a  Mouse  Model  of  Volume-Dependent  Hypertension  using  BOLD 
MRI.  Darah  Wright,  November  20,  2013 

4.  Utilizing  Multispectral  Optoacoustic  Tomography  (MOST)  for  Imaging  and  Assessment  of  Tumor 
Growth,  Angiogenesis  and  Therapeutic  Intervention  (webinar).  Neal  Burton  ,  January  28,  2014 

5.  Understanding  Underlying  Mechanism  of  ICP-OES  and  ICP-MS  (Thermo  Scientific  webinar). 

Anneorie  Bogerts,  January  29,  2014 

6.  Maglib  Quantification  by  MRI.  Zhenjiang  Zhang,  February  28,  2014 

7.  Gliobastoma  Multiform  -  Building  the  Gap  Diagnosis  and  Treatment  (Bruker  Biospin  Corp  webinar), 
March  18,  2014 

8.  Nanomedicine.  NIH  FAES  Graduate  course,  weekly  classes,  March  24  -  May  25,  2014 

9.  Targeting  Vasculature  in  Inflammatory  Bowel  Disease  (VisualSonics  webinar),  March  27,  2014 

10.  Multifunctional  Nanoparticles:  Applications  in  Cancer  Therapy  and  Diagnostics.  Mohanmmed 
Shukoor,  May  19,  2014 

11.  PMSA-Based  Imaging  and  Therapy.  Ying  Chen,  Johns  Hopkins/Radiology,  May  28,  2014 

12.  Water  Exchange  -  Key  Parameter  for  MRI  Contrast  Agent  Design.  Yunkou  Wu,  June  23,  2014 
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13.  ICP-MS  Techniques  in  Nanoparticle  Analysis:  Fundatmentals,  Challenges,  and  Prospectives 
(Spectroscopy  Magazine  webinar),  Jorg  Bettmer,  June  25,  2014 

14.  Basic  NMR  Theory,  PC  Lin,  July  23,  2014 

15.  Chemical  Shifts  and  Coupling  Constants,  PC  Lin,  July  25,  2014 

16.  NMR  Instrumentation,  PC  Lin,  July  28,  2014 

17.  NMR  Data  Acquisition  and  Processing,  PC  Lin,  July  31,  2014 

18.  NMR  Dynamics,  PC  Lin,  August  4,  2014 

19.  NMR  Lab  -  Practice,  Stephen  Lin,  August  7,  2014 

20.  Fourier  Transform  and  MR  Imaging  Principles,  PC  Lin,  August  11 

21.  Post-Imaging  Processing  Practice,  PC  Lin,  August  14,  2014 

22.  MRI  Imaging  Lab  Practice  (I),  P  Wang,  August  21,  2014 

23.  Advanced  Imaging  Techniques,  P  Wang,  August  25,  2014 

24.  MRI  Imaging  Practice  (II),  P  Wang,  August  28,  2014 

25.  NIST  Workshop  on  Standards  for  the  Advancement  of  Optical  Medical  Imaging.  NIST,  Gaithersburg, 
August  26-26,  2014 


11.3.  Nanomedicine  Core 

It  is  essential  for  Howard  University  to  establish  a  basic  infrastructure  that  is  capable  of 
supporting  a  sustainable  long-term  research  program  in  the  field  of  molecular  imaging  of  breast  cancer 
and  nanomedicine.  In  continuing  to  improve  its  infrastructure,  the  University  Imaging  Core  has  obtained 
a  NIH  Supplement  grant,  which  will  be  used  to  pay  for  installation  and  moving  costs  associated  with 
replacing  an  aging  4.7T  MRI  machine  with  a  newer  7T  MRI  machine.  In  order  to  seek  support  beyond  the 
current  grant,  the  University  Imaging  Core,  together  with  Computational  Biology  and  Bioinformatics 
Core,  and  Proteomics  Core,  has  applied  for  and  received  new  funding  from  the  NIH/RCMI  (Research 
Centers  for  Minority  Institutions)  program.  The  Nanomedicine  Core  is  part  of  the  University  Imaging 
Core  facility.  This  funding  will  support  a  major  portion  of  the  operation  costs  and  staff  salary  for  the 
Imaging  Core  for  the  next  5  years.  This  year,  a  presentation  on  the  Nanomedicine  Core  and  University 
Imaging  Core  facility  was  given  at  the  National  Academies'  Review  of  Army  Research  Laboratory  (ARL) 
Programs  that  Support  Historically  Black  Colleges  and  Universities  and  Minority  Institutions  (HBCU/MI), 
sponsored  by  the  ARL.  The  Core's  equipment  and  research  activities  were  presented  to  provide  the 
committee  feedback  on  how  HBCU/MI  have  used  ARL  funds  to  enhance  science,  technology, 
engineering  and  mathematics  (STEM)  programs  in  their  institutions. 

Howard  University  Health  Sciences  has  implemented  a  Research  Strategy  Plan  that  sets  the 
direction  of  the  university  biomedical  research  with  emphasis  on  health  disparities  research.  This  plan 
embraces  new  research  disciplines  such  as  proteomics,  computational  biology,  nanomedicine  and 
genomics.  To  execute  the  University  Research  Strategy  Plan  and  its  commitment  to  nanomedicine 
research,  the  University  is  constructing  a  new  Interdisciplinary  Research  Building,  to  be  completed  in 
late  2014,  in  which  there  will  be  a  designated  space  for  Nano  biomedical  imaging  research.  The 
designated  lab  space  is  for  nanomaterial  fabrication  with  ultrastructure  imaging  and  analytical 
instrument  for  physicochemical  characterization  of  nanoparticles,  molecular  biology  labs  with 
incubators  and  hoods  for  cell  culture  and  flow  cytometry,  and  imaging  suites  for  confocal  microscope. 
The  University  has  also  budgeted  funds  for  purchasing  a  PET/SPECT/CT  machine  for  small  animal 
imaging  research.  These  new  lab  space  and  facilities  will  further  enhance  nanomedicine  and  breast 
cancer  research  capabilities  at  Howard  University. 
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While  maintaining  state-of-the-art  infrastructure  is  critical  to  providing  researchers  with  tools  to 
perform  the  proposed  researched  projects,  it  is  equally  important  to  provide  a  broader  research  training 
experience  for  faculty  and  students.  The  Nanomedicine  Core  continues  to  offer  training  opportunities 
through  seminar  series,  instrumentation  workshops,  and  didactic  lectures.  The  Nanomedicine  Core  staff 
has  helped  researchers  in  experimental  design,  conducting  imaging  experiments,  and  analyzing  data.  In 
the  4th  year  of  this  training  program,  we  continued  to  expand  the  user  base  of  the  Nanomedicine  Core  to 
pursue  multidisciplinary  biomedical  research.  There  are  16  research  projects  that  have  been  supported 
by  the  Nanomedicine  Core,  including  projects  in  the  initial  phase  of  research.  This  year,  we  added  one 
new  project,  liposome  as  drug  delivery  vehicle  for  head  and  neck  cancer.  We  have  recruited  Dr. 
Zhenjiang  Zhang,  a  chemist,  from  Chinese  National  Center  for  Nanosciences  and  Nanotechnolgy  as  a 
postdoc  trainee.  Dr.  Zhang  has  a  strong  background  in  biochemistry  and  medicinal  chemistry.  He  has 
developed  mesoporous  silica  nanorods  coated  with  gold  (Au@Si02)  as  a  multifunctional  platform  for 
cancer  diagnosis  and  treatment.  He  is  working  on  perfecting  the  liposome  fabrication  and  liposome- 
ligand  conjugation  processes. 


11.4.  Statement  of  Work  Summary 

The  accomplishments  aligned  with  the  Statement-of-Work  occurred  in  this  reporting  period  is  listed  as 

following: 

Research  Component 

Task  1.  To  conduct  Research  Project  1  "Study  the  physicochemical  characteristics  of  nanoparticles  as 
MR  contrast  agent  delivery  system  with  the  dynamic  contrast  enhancement  pattern  for 
clinical  applications"  (months  1-48). 

a.  Purchase  supplies  for  cell  culture  and  materials  for  nanoparticles  (months  1-2)  (completed). 

b.  Construct  liposome  (Lip)  nanoparticles  with  transferrin  (Tf)  as  the  ligand  and  encapsulated 
Gd-based  MRI  contrast  agent  (CA)  inside  as  payload  (months  3-9)  (completed). 

c.  Characterize  the  physicochemical  properties  of  nanoparticles,  including  size  distribution, 
surface  charge,  encapsulation  efficiency,  and  Tf  linkage  on  the  surface.  Some  of  the 
measurements  will  be  done  at  NCL,  NCI-Frederick  (months  6-12)  (in  progress). 

d.  Study  targeting  efficiency  of  the  liposome  nanoparticle  using  MDA-MB-231  cells.  Study  the 
interactions  of  nanoparticles  with  breast  cancer  cells  (months  13-24)  (completed). 

e.  Study  the  correlation  of  the  dynamic  contrast  enhancement  (DCE)  pattern  with  the 
distribution  of  Tf-liposome  nanoparticles  in  tumor  xenografts.  Both  MR  and  optical  imaging 
will  be  used  (30  mice)  (months  25-36)  (in  progress). 

f.  Evaluate  the  potential  clinical  applications  of  the  DCE  pattern,  focusing  on  the  relationship 
between  the  DCE  pattern  and  the  tumor  features  of  TfR  expression  level,  permeability  of 
neovasculatures,  vascular  density,  tumor  growth  and  necrosis  (months  25-40)  (in  progress). 

g.  Data  analysis  and  preparation  of  manuscripts  for  publication  (months  40-48)  (in  progress). 

Task  2.  To  conduct  Research  Project  2  "Develop  multifunctional  nanoparticles  for  breast  cancer 
diagnosis  and  treatment  -  using  anti-VEGFR-2  immunotoxin  as  dual  purpose  ligand  and 
chemotherapeutics  as  encapsulated  payload"  (months  1-48). 

a.  Purchase  supplies  and  prepare  for  the  study  (months  1-2)  (completed). 
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b.  Define  the  efficacy  of  the  anti-murine  anti-VEGFR-2  immunotoxin  in  endothelial  cell  killing 
and  vascular  permeability  increase  in  animal  models  (months  3-18)  (completed). 

c.  Construct  and  characterize  the  targeted  anti-VEGFR-2  immunotoxin  multifunctional 
nanoparticles.  Some  of  the  work  will  be  done  at  NCL  (months  13-18)  (completed). 

d.  Determine  the  biodistribution,  pharmacokinetics  and  toxicity  of  the  nanoparticles  in  healthy 
mice  (8)  and  mice  bearing  with  tumor  xenografts  (22).  Optical  imaging  will  be  used. 
Measurements  of  biodistribution  will  be  done  at  NCL  and  HNF  (months  19-40)  (completed). 

e.  Define  the  synergistic  effects  of  the  targeted  delivery,  anti-angiogenics  and 
chemotherapeutics  in  breast  cancer  animal  models.  Histological  staining  will  be  used  to  study 
the  tumor  vasculature  (months  25-40)  (in  progress). 

f.  Data  analysis  and  preparation  of  manuscripts  for  publication  (months  40-48)  (in  progress). 

Task  3.  Research  concept  development  and  submission  of  competitive  grants  in  breast  cancer 

targeted  imaging  and  therapy  (months  37-48)  (in  progress). 

Broad  Training  Component 

Task  4.  Provide  opportunities  to  the  faculty  trainees  in  Howard  University  to  update  knowledge  of 
nanomedicine  (months  1-48)  (in  progress  for  all  tasks). 

a.  Biweekly  group  meetings  at  the  Molecular  Imaging  Lab  (months  1-48) 

b.  Monthly  Seminar  series  at  Howard  University  Cancer  Center  to  be  presented  by  the  mentors 
and  invited  speakers  (months  1-48). 

c.  Johns  Hopkins  University  ICMIC  Seminar  Series  organized  by  Dr.  Bhujwalla  (months 
1-48). 

d.  To  attend  the  biweekly  Nanobiology  Program  Seminar  Series  at  NCI-Frederick  organized  by 
Dr.  Blumenthal  (months  1-48). 

e.  Annual  scientific  meetings  with  mentors  and  trainees. 

Task  5.  Train  Howard  faculty  in  advanced  nanomedicine  lab  techniques  (in  progress  for  all  tasks). 

a.  Laboratory  internships  at  the  Johns  Hopkins  University  and  NCL,  topics  include  molecular 
imaging  and  nano  characterization  techniques,  2-4  days  each  (months  1-36). 

b.  Workshop  series.  Topics  include  MR  and  optical  imaging,  SEM/TEM/AFM,  optical 
instrumentation,  drug  design  and  liposome  (months  1-48). 

Task  6.  Administrative  and  communication  affairs  (coordinated  by  Drs.  Wang  and  Bhujwalla) 

(Months  1-48)  (in  progress  for  all  tasks). 

a.  Status  reports  (quarterly  and  annual  reports) 

b.  Research  progress  review  (quarterly) 

c.  Administrative  meetings  (biannually  meetings) 

d.  Coordination  of  seminars,  workshops,  and  laboratory  internships 
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III.  KEY  RESEARCH  ACCOMPLISHEMENTS 


•  Constructed  liposomes  ranging  in  size  from  50  to  170  nm  using  thin  film  hydration  with 
polycarbonate  membrane  filters.  The  liposome  size  relative  standard  deviation  was  20-30%. 

•  Implemented  a  new  NMR  method  that  utilizes  a  distinguished  compartmental  model  to 
measure  chemical  exchange  kinetics  in  a  complex  in  vivo  solid  tumor  environment. 

•  Generated  a  humanized  bivalent  scFv-derived,  DT390-based  recombinant  immunotoxin,  DT390- 
BiscFv806,  capitalizing  the  unique  specificity  of  antibody  mAb806  against  EGFR  and  EGFRvlll 
overexpressed  in  cancer  but  not  the  EGFR  in  normal  tissue. 

•  Demonstrated  that  our  novel  recombinant  immunotoxin  DT390-BiscFv806  exhibited  high 
cytotoxicity  and  anti-tumor  efficacy  against  the  cancer  cells  either  with  EGFR  expression  alone 
or  with  EGFR  and  EGFRvlll  co-expression,  indicating  that  DT390-BiscFv806  is  highly  promising  for 
treatment  of  cancers  arising  from  the  brain,  head  and  neck,  lung,  breast,  and  prostate. 

•  Construct  three  formats  of  J591  antibody  fragments:  single-chain  variable  fragment  (scFv), 
bivalent  tandem  scFv  (biscFv),  and  bivalent  scFv  diabody  (scfbDb)  in  fold-back  structure  for 
cancer  imaging. 

•  Demonstrated  that  the  fold-back  structure  of  scfbDb  has  an  increased  efficiency  of  target 
binding  and  toxin  delivery  to  target  cells,  compared  with  other  formats. 

•  Designed  a  simple  and  highly  sensitive  sensing  nanosystem  for  the  detection  of  Hg2+  and  Cu2+ 
based  on  fluorescence  quenching  of  ultrasmall  DNA-Ag  NCs. 

•  Constructed  small  gold  nanoparticles  to  study  size-dependent  penetration  ability  and  the 
potential  applications  of  for  intranucleus  delivery. 

•  Found  that  gold  nanoparticles  smaller  than  10  nm  can  enter  the  nucleus,  whereas  larger  ones 
(10  - 16  nm)  can  only  be  found  in  the  cytoplasm. 

•  Reviewed  the  evolution  of  immunotoxin  development,  the  challenges  of  immunotoxin  therapy 
for  human  solid  tumors,  and  the  potential  strategies  to  overcome  these  challenges  in  literature. 

•  Reviewed  literature  pertaining  to  the  development,  characterization  and  applications  of 
nanoparticles  in  cancer  imaging  and  therapy. 

•  Reviewed  literature  pertaining  to  mechanisms  of  membrane  trafficking  in  drug-resistant  cancer 
cells  and  the  development  of  nanoparticles  as  drug  delivery  platforms  to  overcome  drug 
resistance.  Published  a  review  article. 
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IV.  REPORTABLE  OUTCOMES 


Publications 


1.  Xue  X,  Hall  HD,  Zhang  Q,  Wang  PC,  Gottesman  MM,  Liang  XJ.  Nanoscale  Drug  Delivery  Platforms 
Overcome  Platinum-Based  Resistance  in  Cancer  Cells  Due  to  Abnormal  Membrane  Protein 
Trafficking.  ACS  Nano  vol.7  (12)10452-10464,  2013. 

2.  Shan  L,  Liu  Y,  Wang  PC.  Recombinant  Immunotoxin  Therapy  of  Solid  Tumors:  Challenges  and 
Strategies.  J.  Basic  Clin  Med  2(2):l-6,  2013. 

3.  Lin  PC,  Lin  S,  Wang  PC,  Sridhar  R.  Techniques  for  Physicochemical  Characterization  of  Nanomaterials. 
Biotechnol  Adv.  (4):711-726,  2014. 

4.  Li  SL,  Cao  WP,  Kumar  A,  Jin  SB,  Zhao  YY,  Zhang  CQ,  Zou  GZ,  Wang  PC,  Li  F,  Liang  XJ.  Highly  Sensitive 
Simultaneous  Detection  of  Mercury  and  Copper  Ions  by  Ultrasmall  Fluorescent  DNA-Ag 
Nanoclusters  NewJ.  Chem  38(4):1546-1550,  2014 

5.  Jin  SB,  Li  SL,  Wang  CX,  Liu  J,  Yang  XL,  Wang  PC,  Zhang  X,  Liang  XJ.  Biosafe  Nanoscale  Pharmaceutical 
Adjuvant  Materials.  J  Biomed  Nanotechnology  (10)1-27,  2014 

6.  Huo  S,  Jin  S,  Ma  X,  Xue  X,  Yang  K,  Kumar  A,  Wang  PC,  Zhang  J,  Hu  Z,  Liang  XJ.  Ultrasmall  Gold 
Nanoparticles  as  Carriers  for  Nucleus-Based  Gene  Therapy  Due  to  Size-Dependent  Nuclear  Entry. 

ACS  Nano  8(6):5852-5862,  2014. 

7.  Yang  KN,  Zhang  CQ,  Wang  W,  Wang  PC,  Zhou  JP,  Liang  XJ.  pH-Responsive  Mesoporous  Silica 
Nanoparticles  Applied  in  Controlled  Drug  Delivery  Systems  for  Cancer  Treatment.  Cancer  Biol  Med. 
ll(l):34-43,  2014. 

Presentations 


1.  Wright  D,  Lin  S,  Lin  PC,  Wu  CS,  Zhang  D,  Duerinckx  A,  Wang  PC,  Lee  DL.  Measuring  Renal 
Oxygenation  in  a  Mouse  Model  of  Volume-Dependent  Hypertension  using  BOLD  MRI.  Radiological 
Society  of  Northern  America,  Chicago,  IL,  Dec  1-6,  2013. 

2.  Wang  PC.  Molecular  Imaging  and  Nanoparticles  as  Drug  Delivery  Vehicles.  Industrial  Technology 
Research  Institute,  HsiChu,  Taiwan,  Dec. 10.  2013. 

3.  Wang  PC,  Magnetic  Resonance  Imaging:  Principles  and  Instrumentation.  Fu  Jen  University 
Department  of  Electrical  Engineering,  Taipei,  Taiwan,  Dec.  11,  2013 

4.  Wang  PC.  Introduction  of  Howard  University  Molecular  Imaging  laboratory.  Fu  Jen  University 
Medical  School,  Taipei,  Taiwan,  Dec  13,  2013. 

5.  Wang  PC.  Howard  University  Imaging  Core  Facility.  The  National  Academies  Committee  on  Review  of 
Army  Research  Laboratory  (ARL)  Programs  Support  Historically  Black  Colleges  and  Universities  and 
Minority  Institutions  (HBCUs/MIs),  Washington,  DC,  Feb  24,  2014. 

6.  Zhang  Z,  Wang  J,  Nie  X,  Chen  C,  Wang  PC.  Near  Infrared  Laser  Mediated  Targeted  Tumor  Thermo¬ 
chemotherapy  Using  Thermosensitive  Polymer  Coated  Gold  Nanoparticles.  Howard  University 
Research  Day  2014.  Washington  DC.  April  4,  2014. 

7.  Shan  L,  Lin  S,  Lin  PC,  Zhang  Z,  Liu  Y,  Wang  PC.  Engineered  Antibody  Fragments  and  Immunotoxin  for 
Targeted  Imaging  and  Therapy  of  Prostate  Cancer.  Howard  University  Research  Day  2014. 
Washington  DC.  April  4,  2014. 

8.  Lin  S,  Shan  L,  Lin  PC,  Zhang  Z,  Gu  X,  Wang  PC.  Construction  of  Transferrin  Receptor-targeted  Multi¬ 
modality  Agents  for  Cancer  Imaging.  Howard  University  Research  Day  2014.  Washington  DC.  April  4, 
2014. 

9.  Wang  PC.  Howard  University  Biomedical  Core  Facility.  Howard  University  Research  Day  2014. 
Washington  DC.  April  4,  2014 
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10.  Zhang  Z,  Wang  J,  Nie  X,  Chen  C,  Wang  PC.  Near  Infrared  Laser  Mediated  Targeted  Tumor  Thermo¬ 
chemotherapy  Using  Thermosensitive  Polymer  Coated  Gold  Nanoparticles.  Howard  University 
Radiology  Imaging  Symposium.  Washington  DC.  May  6,  2014. 

11.  Shan  L,  Lin  S,  Lin  PC,  Zhang  Z,  Liu  Y,  Wang  PC.  Engineered  Antibody  Fragments  and  Immunotoxin  for 
Targeted  Imaging  and  Therapy  of  Prostate  Cancer.  Howard  University  Radiology  Imaging 
Symposium.  Washington  DC.  May  6,  2014. 

12.  Lin  S,  Shan  L,  Lin  PC,  Zhang  Z,  Gu  X,  Wang  PC.  Construction  of  Transferrin  Receptor-targeted  Multi¬ 
modality  Agents  for  Cancer  Imaging.  Howard  University  Radiology  Imaging  Symposium.  Washington 
DC.  May  6,  2014. 

13.  Wang  PC.  Molecular  Imaging  Laboratory.  Howard  University  Radiology  Imaging  Symposium. 
Washington  DC.  May  6,  2014. 


Grants 

1.  NIH/NCRR/RCMI/2  G12RR003048  03/01/14-05/31/19 

Biomedical  Infrastructure  for  Health  Disparities  Research  Southerland  (PI);  Wang  (co-PI) 
Biomedical  Imaging  Care  Facility  (Role:  Core  Facility  PI)  $  2,009,920 

2.  NIH/NCRR/RCMI- Administrative  Supplement  04/01/14-03/31/15 

Biomedical  Infrastructure  for  Health  Disparities  Research  Southerland  (PI);  Wang  (co-PI) 

Request  Support  of  Moving  and  Reinstallation  Charges  for  a  7  T  MRI  Machine  $  193,826 

3.  NIH/NIBIB  Mentored  Clinical  Scientist  Development  Award  (K08) 

Prussian  blue  nanoconstructs  for  imaging  and  therapy  of  aggressive  pediatric  brain  tumors 
Rohan  Fernandas  (Children's  Nat  Med  Centr,  PI)  Paul  Wang  (mentor)  (10/01/13  submitted,  not 
funded) 

4.  DoD  University  Research  Instrumentation  Program  (DURIP) 

Enhancement  of  STEM  research  and  training  through  multiphoton  confocal  imaging 

Eva  Polston  (PI,  Howard/Physiology  and  Biophysics);  Wang  (co-PI)  (10/20/13  submitted,  not  funded) 

5.  NSF 

pH-Sensitive  Nanoparticulate  MRI  Agent  with  Enhanced  Contrast  and  Reduced  Side  Effects 
Tongxin  Wang  (PI,  Howard/School  of  Engineering),  Paul  Wang  (co-PI)  (10/21/13  submitted;  not 
funded) 

6.  NIH 

Novel  Nanotechnology  Platform  for  Breast  Cancer  Treatment 

Emmanuel  Akala  (PI,  Howard/Pharmaceutical  Science).  Paul  Wang  (co-PI)  (1/14/14  submitted;  not 
funded) 

7.  NIH 

Engineered  Antibody  Fragments  for  PSMA-targeted  Imaging  and  Therapy 

Liang  Shan  (PI,  Howard/Radiology),  Paul  Wang  (co-PI)  (02/15/14  submitted;  not  funded) 

8.  NIH 

Howard  University  Blueprint  Program  for  Enhancing  Neuroscience  Diversity  through  Undergraduate 
Research  Education  Experiences  (HU  BP-ENDURE) 

Evaristus  Nwulia  (Howard/Psychiatry,  PI),  Paul  Wang  (co-PI)  (05/23/14  submitted,  not  funded) 

9.  NSF 

pH-Sensitive  Nanoparticulate  MRI  Agent  with  Enhanced  Contrast  and  Reduced  Side  Effects 
Tongxin  Wang  (PI,  Howard/  Engineering),  Paul  Wang  (co-PI)  (10/21/13  submitted;  not  funded) 

10.  DoD  W81XWH-14-L 

A  humanized  bivalent  fold-back  recombinant  immunotoxin  for  prostate  cancer  therapy 
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Liang  Shan  (PI,  Howard/Radiology),  (09/15/21014  submitted,  pending) 


Degrees 

1.  Belinda  Hauser  (Nanomedicine  Core  predoctoral  trainee)  received  a  Ph.D.  degree  in  Genetics.  Thesis 
title:  Epidermal  Growth  Factor  Receptor  (EGFR)  Associated  Head  and  Neck  Squamous  Cell 
Carcinoma  (HNSCC)  Tumorigenesis. 

2.  Whitney  Barfield  (Nanomedicine  Core  predoctoral  trainee)  received  a  Ph.D.  degree  in  Microbiology. 
Thesis  title:  Osteopontin  Genotype  as  a  Determinant  of  Skeletal  Muscle  Remodeling  -  In  vivo  and  in 
vitro  studies  show  complex  transcriptional  regulation  influencing  muscle  inflammation. 


V.  CONCLUSIONS 

This  year,  we  have  made  liposomes  ranging  in  size  from  50  to  170  nm  using  a  thin  film  hydration 
combined  with  membrane  filter  method.  The  relative  standard  deviation  of  liposome  size  was  in  the  20- 
30%  range.  In  the  coming  year,  we  will  use  a  microfluidic  channel  device  to  improve  the  liposome  size 
distribution.  A  narrow  size  distribution  will  be  critical  for  studying  the  size  dependence  of  targeted 
liposome  uptake  in  solid  tumors.  For  studying  pharmacokinetics  and  targeting  efficiency  of  liposome  in 
solid  tumor  using  DCE  imaging  data,  we  have  implemented  a  distinguished  compartmental  model  to 
measure  ligand-target  chemical  exchange  kinetics  in  a  complex  in  vivo  environment. 

By  capitalizing  on  the  unique  specificity  of  antibody  mAb806  against  EGFR  and  EGFRvlll 
overexpressed  in  cancer  but  not  the  EGFR  in  normal  tissue,  and  by  further  taking  the  mAb806 
humanization-derived  benefits,  we  generated  a  humanized  bivalent  scFv-derived,  DT390-based 
recombinant  immunotoxin,  DT390-BiscFv806.  This  novel  RIT  exhibited  high  cytotoxicity  and  anti-tumor 
efficacy  against  the  cancer  cells  either  with  EGFR  expression  alone  or  with  EGFR  and  EGFRvlll  co¬ 
expression.  The  results  indicate  that  DT390-BiscFv806  is  highly  promising  for  treatment  of  cancers 
arising  from  the  brain,  head  and  neck,  lung,  breast,  prostate,  and  others.  To  develop  a  PSMA-targeted 
platform  of  engineered  antibody  fragments  for  cancer  imaging,  we  constructed  three  formats  of 
antibody  fragments  including  single-chain  variable  fragment  (scFv),  bivalent  tandem  scFv  (biscFv),  and 
bivalent  scFv  diabody  (scfbDb)  in  fold-back  structure,  leveraging  the  high  specificity  of  J591  antibody 
against  the  extracellular  domain  of  PSMA.  Initial  studies  showed  that  the  fold-back  structure  of  scfbDb 
resulted  in  an  increased  efficiency  of  target  binding  and  toxin  delivery  to  target  cells,  compared  with 
other  formats.  The  favorable  properties  of  the  fold-back  diabody  in  pharmacology  make  it  attractive  as  a 
springboard  to  develop  imaging  agents  for  cancer  and  cancer  angiogenesis  imaging. 

We  have  designed  a  simple  and  highly  sensitive  sensing  nanosystem  for  the  detection  of  Hg2+ 
and  Cu2+  based  on  fluorescence  quenching  of  ultrasmall  DNA-Ag  NCs.  We  have  constructed  small  gold 
nanoparticles  to  study  size-dependent  penetration  ability  and  the  potential  applications  of  for 
intranucleus  delivery.  We  found  gold  nanoparticles  smaller  than  10  nm  can  enter  the  nucleus,  whereas 
larger  ones  (10  - 16  nm)  can  only  be  found  in  the  cytoplasm.  We  have  reviewed  literature  and  written  an 
article  on  the  development,  characterization  and  applications  of  nanoparticles  in  cancer  imaging  and 
therapy.  We  have  also  written  a  review  on  the  challenges  of  immunotoxin  therapy  for  human  solid 
tumors,  and  the  potential  strategies  to  overcome  these  challenges  (Appendix  2). 

For  the  broad  training  component,  faculty  members,  and  graduate  and  undergraduate  students 
from  different  departments  at  Howard  University  have  been  trained  in  the  use  of  nanoparticles  as 
targeted  drug  delivery  vehicles  for  cancer  diagnosis  and  therapy.  A  total  of  25  seminars  and  webinars, 
workshops  and  symposia  in  cancer,  molecular  imaging  and  nanomedicine  have  been  offered  in  addition 
to  the  biweekly  group  meetings.  The  Imaging  Core  also  has  offered  a  series  of  NMR/MRI  Lectures  and 
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hands-on  training  for  the  trainees.  Training  activities  were  coordinated  by  partnership  leaders  from 
Howard  and  John  Hopkins  Universities  to  help  participants  gain  useful  interdisciplinary  knowledge  and 
skills  to  conduct  breast  cancer  research  using  nanotechnology.  There  are  11  faculty  members  from  7 
departments  and  11  scientists  from  the  other  institutions,  including  Children's  National  Medical  Center, 
Johns  Hopkins,  Fu  Jen  University,  and  Angimmune,  who  use  the  core  facility  to  conduct  these  research 
projects.  There  is  1  undergraduate  student,  9  graduate  students  and  6  postdoctoral  fellows  working  with 
principle  investigators  on  various  research  projects.  Two  graduate  students  graduated  this  year  and 
received  PhD  degrees.  We  have  recruited  a  new  chemist  postdoc  trainee  to  work  on  perfecting  liposome 
fabrication  and  liposome-ligand  conjugation  processes.  This  year,  we  added  one  new  project  that  uses 
liposome  as  drug  delivery  vehicle  for  head  and  neck  cancer. 

The  faculty  trainees  and  postdocs  of  the  program  have  submitted  grants  to  NIH,  CDMRP,  and 
NSF  together  with  the  partnership  leaders.  We  have  received  a  new  five  years  NIH/RCMI  grant  to 
support  the  University  Imaging  Core.  We  also  have  received  a  NIH  Supplement  grant  for  installing  a  new 
7T  MRI  machine.  The  university  has  designated  a  lab  space  in  a  new  Interdisciplinary  Research  Building 
for  nanomedicine  research.  The  university  has  budgeted  fund  to  purchase  a  PET/SPECT/CT  machine  to 
support  small  animal  imaging  research.  These  new  lab  space  and  facilities  will  further  enhance 
nanomedicine  and  breast  cancer  research  capability  at  Howard  University. 

This  is  the  4th  year  of  the  grant.  There  are  a  few  tasks  that  remain  to  be  completed.  We  have 
yet  to  construct  liposomes  with  a  sufficiently  narrow  size  distribution  to  properly  study  size  dependence 
of  targeted  liposome  uptake  in  solid  tumors.  The  relative  large  size  distribution  currently  generated 
leads  to  poor  DCE  data  quality,  which  masks  subtle  differences  in  MR  image  enhancement  patterns 
resulting  from  liposome  size  difference.  We  would  also  like  to  complete  testing  of  a  new  NMR  method 
to  study  ligand  binding  process  in  vivo.  The  results  from  this  NMR  method  will  improve  the 
pharmacokinetic  modeling  analysis  of  DCE  data.  In  order  to  finish  these  incomplete  tasks,  we  have 
submitted  a  one  year  extension  from  U.S.  Army  Medical  Research  Acquisition  Activity.  The  request  for 
extension  has  been  granted.  During  this  extension,  we  will  continue  to  refine  our  liposome  fabrication 
method  to  achieve  a  more  narrow  size  distribution  to  improve  the  results  from  the  DCE  study  in  solid 
tumor  model.  We  will  implement  the  NMR  T2  relaxation  rate  measurement  to  improve  pharmacokinetic 
modeling  to  analyze  the  DCE  image  data.  We  will  continue  to  support  faculty  and  to  train  graduate 
students  working  on  this  research  project. 
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R/Children's  National  Medical  Center) 

6.  Use  of  MRI  in  Mouse  brain  tumor  model  and  drug  delivery  (Nazarian  J/Children's  National 
Medical  Center) 
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Raj/Children's  National  Medical  Center) 

8.  SPIOs  with  modified  polymer-pHLIP  peptide  surface  as  an  effective  MRI-contrast  agent  for 
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Williams  L/Radiology,  Hoffman  EP/Children’s  National  Medical  Center) 

15.  Liposomal  Formulation  of  BTZQ  for  Head  and  Neck  Cancer  (YL  Lin/Fu  Jen  University) 
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(Partam  Manalai/Psychiatry  and  Behavioral  Sciences) 


30 


Appendix  4  Personnel  Receiving  Pay  in  This  Research  Effort 


•  Paul  C.  Wang,  Ph.D  (PI) 

•  Ping-Chang,  Lin,  Ph.D. 

•  Liang  Shan,  Ph.D. 

•  Zhenjiang  Zhang,  Ph.D. 


31 


Appendix  5  Students  Who  Participated  in  Nanomedicine  Core  Supported  Research  Projects 


Postdoctoral  Fellows: 

-  Rohan  Fernandes  (Children's  National  Medical  Center) 

-  Jie  Meng  (Chinese  Academy  of  Medical  Sciences) 

-  Shimelis  Hailu  (Chemistry) 

-Javad  Nazarian  (Children's  National  Medical  Center) 

-  Shuang  Shi  (Dentistry) 

-  Zhenjiang  Zhang  (Chemistry/Radiology) 

Predoctoral  M.D. /Ph.D./Dental  Students: 

-  Philipe  Auguste  (Medicine) 

-  Whitney  Barfield  (Microbiology,  received  PhD  degree) 

-  Kenisha  Ford  (Physics) 

-  Belinda  Hauser  (Genetics,  received  PhD  degree) 

-  Eyob  Hulu  (Pharmaceutical  Sciences) 

-  Ermias  Tilahun  (Pharmaceutical  Sciences) 

-  Darah  White  (Physiology  and  Biophysics) 

-  Brian  B  Wu  (Medicine) 

-  Jie  Xia  (Pharmaceutical  Sciences) 

Undergraduate  students: 

-  Taylor  Williams  (Biology) 


32 


Appendix  6  Reprints  of  Publications 


1.  Xue  X,  Hall  HD,  Zhang  Q,  Wang  PC,  Gottesman  MM,  Liang  XJ.  Nanoscale  Drug  Delivery  Platforms 
Overcome  Platinum-Based  Resistance  in  Cancer  Cells  Due  to  Abnormal  Membrane  Protein 
Trafficking.  ACS  Nano  vol.7  (12)10452-10464,  2013. 

2.  Shan  L,  Liu  Y,  Wang  PC.  Recombinant  Immunotoxin  Therapy  of  Solid  Tumors:  Challenges  and 
Strategies.  J.  Basic  Clin  Med  2(2):l-6,  2013. 

3.  Lin  PC,  Lin  S,  Wang  PC,  Sridhar  R.  Techniques  for  Physicochemical  Characterization  of 
Nanomaterials.  Biotechnol  Adv.  (4):711-726,  2014. 

4.  Li  SL,  Cao  WP,  Kumar  A,  Jin  SB,  Zhao  YY,  Zhang  CQ,  Zou  GZ,  Wang  PC,  Li  F,  Liang  XJ.  Highly 
Sensitive  Simultaneous  Detection  of  Mercury  and  Copper  Ions  by  Ultrasmall  Fluorescent  DNA- 
Ag  Nanoclusters  New  J.  Chem  38(4):1546-1550,  2014 

5.  Jin  SB,  Li  SL,  Wang  CX,  Liu  J,  Yang  XL,  Wang  PC,  Zhang  X,  Liang  XJ.  Biosafe  Nanoscale 
Pharmaceutical  Adjuvant  Materials.  J  Biomed  Nanotechnology  (10)1-27,  2014 

6.  Huo  S,  Jin  S,  Ma  X,  Xue  X,  Yang  K,  Kumar  A,  Wang  PC,  Zhang  J,  Hu  Z,  Liang  XJ.  Ultrasmall  Gold 
Nanoparticles  as  Carriers  for  Nucleus-Based  Gene  Therapy  Due  to  Size-Dependent  Nuclear 
Entry.  ACS  Nano  8(6):5852-5862,  2014. 

7.  Yang  KN,  Zhang  CQ,  Wang  W,  Wang  PC,  Zhou  JP,  Liang  XJ.  pH-Responsive  Mesoporous  Silica 
Nanoparticles  Applied  in  Controlled  Drug  Delivery  Systems  for  Cancer  Treatment.  Cancer  Biol 
Med.  ll(l):34-43,  2014. 


33 


Nanoscale  Drug  Delivery  Platforms 
Overcome  Platinum- Based  Resistance 
in  Cancer  Cells  Due  to  Abnormal 
Membrane  Protein  Trafficking 
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ABSTRACT  The  development  of  cellular  resistance  to  platinum-based  chemotherapies 
is  often  associated  with  reduced  intracellular  platinum  concentrations.  In  some  models,  this 
reduction  is  due  to  abnormal  membrane  protein  trafficking,  resulting  in  reduced  uptake  by 
transporters  at  the  cell  surface.  Given  the  central  role  of  platinum  drugs  in  the  clinic,  it  is 
critical  to  overcome  cisplatin  resistance  by  bypassing  the  plasma  membrane  barrier  to 
significantly  increase  the  intracellular  cisplatin  concentration  enough  to  inhibit  the 
proliferation  of  cisplatin-resistant  cells.  Therefore,  rational  design  of  appropriate  nanoscale 
drug  delivery  platforms  (nDDPs)  loaded  with  cisplatin  or  other  platinum  analogues  as 
payloads  is  a  possible  strategy  to  solve  this  problem.  This  review  will  focus  on  the  known 
mechanism  of  membrane  trafficking  in  cisplatin-resistant  cells  and  the  development  and  employment  of  nDDPs  to  improve  cell  uptake  of  cisplatin. 

KEYWORDS:  cancer  •  cisplatin  •  drug  resistance  •  nanoscale  drug  delivery  platforms  •  membrane  trafficking  •  nanotechnology  • 

chemotherapy  •  abnormal  membrane  proteins 


Platinum  (Pt)-based  chemotherapeutic 
drugs,  principally  cisplatin  (cis-[PtCI2- 
(NH3)2])  and  carboplatin  ([Pt(0,0'- 
cdbca)(NH3)2],  cbdca  =  cyclobutane-1, 1- 
dicarboxylate)  are  widely  employed  in  the 
clinic  to  treat  malignancies  such  as  cancer  of 
the  testis,  lung,  ovary,  breast,  bladder,  head 
and  neck,  colon,  and  rectum.1  -3  Clinically, 
the  chemotherapeutic  effect  of  platinum- 
based  drugs  presents  a  satisfactory  res¬ 
ponse  when  tumors  are  first  exposed  to 
the  drugs.4  However,  after  repeated  treat¬ 
ments,  most  malignancies  sooner  or  later 
become  resistant  to  even  unrelated  antic¬ 
ancer  agents,  in  spite  of  different  chemical 
structures  or  different  mechanisms  of  intra¬ 
cellular  activity.5  The  exception  to  this  is 
testicular  cancer,  for  which  platinum  ther¬ 
apy  provides  an  approximately  99%  cure 
rate.  Thus,  intrinsic  and/or  acquired  resis¬ 
tance,  as  well  as  the  formidable  side  effects 
of  accumulating  platinum  in  normal  tis¬ 
sues,  often  hampers  Pt-based  treatment  of 


cancer.6,7  Movement  of  chemotherapeutic 
agents  through  the  cellular  lipid  bilayer 
membrane  was  first  thought  to  occur  pre¬ 
dominantly  by  passive  diffusion.8,9  How¬ 
ever,  emerging  evidence  in  the  literature 
indicates  that  active  processes  are  more 
likely  the  major  determinant  of  cellular  up¬ 
take  of  cisplatin.6,10  Evidence  suggests  that 
various  membrane  proteins  collectively  reg¬ 
ulate  the  uptake  and  efflux  of  drugs.  The 
reduction  of  platinum  accumulation  as  a 
pivotal  factor  influencing  the  effectiveness 
of  tumor  chemotherapy  is  therefore  medi¬ 
ated  by  down-regulation  ofthesefacilitative 
transporters  and  alteration  in  membrane 
protein  trafficking.1 1-13  Understanding  the 
role  of  abnormal  membrane  proteins  in  the 
development  of  platinum  drug  resistance 
can  serve  as  a  basis  for  selecting  drug 
targets  and  promoting  drug  development. 

Many  studies  have  been  published  con¬ 
cerning  the  role  of  active  transport  of  plati¬ 
num  drugs  across  biological  membranes.14-16 
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However,  in  order  to  achieve  successful  and  effective 
drug  delivery  in  cases  of  resistant  cancer,  new  ther¬ 
apeutic  strategies  still  need  to  be  developed. 17-19 
Newer,  more  targeted  agents  have  not  displaced  shot¬ 
gun  therapeutics  such  as  cisplatin.  In  recent  years, 
nanotechnology,  through  an  amalgamation  of  chem¬ 
istry,  engineering,  biology,  and  medicine,  has  provided 
potential  solutions  to  some  of  the  daunting  challenges 
associated  with  cancer  therapy.  Furthermore,  although 
the  feasibility  and  efficacy  of  reversing  drug  resistance 
have  been  studied  in  the  clinic,  ways  to  use  nanotech¬ 
nology  to  circumvent  the  resistant  phenotype  have  not 
been  clarified  or  fully  explored.  This  review  examines 
the  reduced  drug  accumulation  that  occurs  in  resistant 
cancer  cells  caused  by  abnormal  membrane  transpor¬ 
ter  expression  and  unusual  protein-related  metabolic 
modulation  and  introduces  nanotechnology  formula¬ 
tions  and  current  nanomedical  approaches  to  address 
platinum-based  resistance,  with  a  specific  focus  on  the 
effort  to  overcome  abnormal  membrane  protein  traf¬ 
ficking  and  increase  cellular  uptake  of  chemothera¬ 
peutic  agents. 

ABNORMAL  MEMBRANE  PROTEINS  PLAY  PIVO¬ 
TAL  ROLES  IN  PLATINUM-BASED  RESISTANCE 

Modulation  of  Membrane  Transporters  in  Resistant  Cells. 

Membrane  transporters  are  a  group  of  integral  mem¬ 
brane  proteins  that  facilitate  the  movement  of  a  variety 
of  endogenous  and  exogenous  substrates  across  cel¬ 
lular  and  organelle  membranes,  including  the  move¬ 
ment  of  ions,  small  molecules,  and  macromolecules. 
An  increasing  number  of  membrane  transporters  have 
been  identified  as  contributing  to  cancer  resistance. 
These  transporters  govern  the  movement  of  drugs  and 
their  secondary  metabolites,  thereby  determining 
their  pharmacodynamics  and  adverse  drug  reactions. 
Changes  in  several  transporters,  such  as  in  the  ATP- 
binding  cassette  (ABC)  transporters,  solute  carriers 
(SLCs),  and  ATPase  membrane  protein  superfamilies 
have  been  implicated  as  determinants  of  the  pharma¬ 
cology  of  cisplatin,  oxaliplatin,  carboplatin,  and  related 
investigational  compounds.1 1,20,21  Changes  in  mem¬ 
brane  transporters  affect  the  accumulation  of  platinum 
drugs  in  resistant  cells  or  tissues  by  increasing  drug 
efflux  or  decreasing  drug  uptake,  by  metabolic  mod¬ 
ifications  or  by  detoxification.22,23 

Of  these  transporter-related  resistance  mechan¬ 
isms,  overexpression  of  ABC  transport  molecules  is 
generally  considered  the  most  frequent.  ABC  tran¬ 
sporters  are  transmembrane  proteins  that  use  the 
energy  of  ATP  hydrolysis  to  shuttle  various  substrates 
against  the  concentration  gradient  outward  or  into 
intracellular  organelles.  To  date,  there  are  48  known 
human  transporters  in  the  ABC  family,  classified 
into  seven  subfamilies  A  through  G.  At  least  13  of 
them  have  been  recognized  as  drug  transporters 
when  drugs  share  physiochemical  characteristics  with 


VOCABULARY:  nDDPs  -  nanoscale  drug  delivery  plat¬ 
forms;  Pt  -  platinum;  ABC  -  ATP-binding  cassette;  SLCs  - 
solute  carriers;  MRP  -  multidrug  resistance-associated  pro¬ 
tein;  BCRP  -  breast  cancer  resistance  protein;  RFC  -  re¬ 
duced  folate  carrier;  CNT  -  concentrative  nucleoside 
transporter;  ENT  -  equilibrative  nucleoside  transporter; 
CTR  -  copper  transporter;  DCA  -  dichloroacetate;CDKs  - 
cyclin-dependent  kinases;  PDK  -  pyruvate  dehydrogenase; 
MDR  -  multidrug  resistance;  EGFR  -  epidermal  growth 
factor  receptor;  FDA  -  Food  and  Drug  Administration;  PE- 
Gylated  -  poly(ethylene  glycol)-conjugated;  P-gp  -  P-gly- 
coprotein;SWNTs  -  single-walled  carbon  nanotubes; 
MWNTs  -  multiwalled  carbon  nanotubes;  iNOS  -  inducible 
nitric  oxide  synthase;  NSCLC  -  non-small-cell  lung  cancer; 
FR  -  folate  receptor; 

certain  endogenous  substrates21,24,25  and  three,  ABCB1 
(P-glycoprotein),  ABCC1  (MRP,  or  multidrug  resistance- 
associated  protein),  and  ABCG2  (BCRP,  or  breast  cancer 
resistance  protein),  are  broad  spectrum  multidrug  ef¬ 
flux  pumps.24 

The  solute  carrier  (SLC)  family  of  transporters  is 
another  superfamily  of  membrane  proteins  that  med¬ 
iates  the  cellular  uptake  of  anticancer  agents,  including 
SLC19A1  (RFC1)  and  SLC1B1  (SLC21A6).  SLC  transpor¬ 
ters  play  a  critical  role  in  multiple  cellular  physiological 
processes  and  traffic  specific  substrates  such  as  amino 
acids,  oligopeptides,  sugars,  monocarboxylic  acids, 
organic  cations,  anions,  phosphates,  nucleosides,  me¬ 
tals,  and  vitamins.  SLCs  also  mediate  drug  absorption, 
distribution,  metabolism,  and  elimination,  particularly 
in  the  case  of  uptake  of  hydrophilic  anticancer  drugs 
that  cannot  rely  solely  on  passive  diffusion,  including 
cisplatin,  carboplatin,  and  oxaliplatin.26,27  Structurally, 
members  of  the  SLC19  family  (the  reduced  folate  carrier 
(RFC)  family),  SLC28  and  29  families  (concentrative  and 
equilibrative  nucleoside  transporter  proteins  (CNT  and 
ENT,  respectively)),  SLC7A  and  3A  families  (amino  acid 
transporters),  and  SLC31A  (the  copper  transporter 
family  (CTR))  are  associated  with  uptake  of  anticancer 
drugs.10,20  CTR1  has  been  identified  as  a  mediator  that 
increases  drug  accumulation  and  cytotoxic  proper¬ 
ties.28  For  instance,  CTR1 -deficient  mouse  embryonic 
fibroblasts  have  been  shown  to  demonstrate  reduced 
influx  of  cisplatin,  carboplatin,  and  oxaliplatin.29  In 
addition,  studies  have  indicated  that  platinum  accu¬ 
mulation  is  partly  mediated  by  different  energy-de- 
pendent  cellular  proteins  that  use  ATP  hydrolysis  as  an 
energy  source.  In  resistant  cancer  cells,  ATP  levels  tend 
to  be  depleted,  leading  to  metabolic  dysfunction  and 
decreased  drug  accumulation.28 

Modulation  of  Membrane  Content  and  Potential  in  Resistant 
Cells.  The  plasma  membrane  itself  also  plays  a  role  in 
drug  resistance,  especially  through  abnormal  mem¬ 
brane  protein  trafficking.  A  number  of  studies  have 
pointed  to  abnormal  membranes  as  contributing  to 
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Figure  1.  Mitaplatin  circumvents  cancer  resistance  to  cisplatin  by  targeting  mitochondria.  In  cancer  cells,  oxidative 
phosphorylation  is  inhibited,  and  cancer  cells  rely  on  cytoplasmic  glycolysis  to  produce  energy.  This  metabolic  shift  induces 
apoptosis  resistance.  After  crossing  the  membrane,  mitaplatin  targets  mitochondria,  inhibits  the  activity  of  mitochondrial 
PDK,  and  leads  to  activation  of  PDH,  which  promotes  the  influx  of  acetyl-CoA  into  mitochondria  and  increases  the  Krebs  cycle. 
With  triggering  hyperpolarized  Ai pm  in  resistant  cells,  mitaplatin  also  results  in  reduced  glucose  utilization.  Similar  to 
cisplatin,  mitaplatin  also  enters  the  nuclei  and  targets  DNA  to  form  1,2-intrastrand  d  (GpG)  cross-links.  Adapted  from  Figure  7 
of  ref  31 .  Copyright  201 2  American  Chemical  Society. 


the  unique  cellular  metabolism  of  cancer  cells  and 
promote  their  apoptosis.34,35  Mitaplatin,  a  platinum(IV) 
complex  containing  cisplatin  and  two  DCA  molecules 
bound  as  ligands  that  are  released  when  the  complex 
is  reduced,  alters  the  mitochondrial  membrane  poten¬ 
tial  and  selectively  kills  cancer  cells  by  targeting  both 
nuclear  DNA  via  cisplatin  and  mitochondria  via  DCA.36 
In  cancer-sensitive  cells,  oxidative  phosphorylation  is 
inhibited  to  force  cancer  cells  to  rely  on  cytoplasmic 
glycolysis  to  produce  energy.  This  metabolic  shift  in¬ 
duces  apoptosis  resistance.  The  enhanced  lipophilicity 
of  mitaplatin  increases  its  ability  to  cross  the  plasma 
membrane  and  thus  be  further  employed  to  overcome 
tumor  resistance  by  modulating  abnormal  glycolysis 
and  by  rendering  resistant  cancer  cells  more  vulner¬ 
able  to  hyperpolarized  mitochondrial  membrane  po¬ 
tentials  (Figure  I).31  Subsequently,  other  platinum(ll) 
and  platinum(IV)  complexes  containing  DCA  incorpo¬ 
rated  as  a  ligand  have  been  reported.37 

Modulation  of  Intracellular  pH  in  Resistant  Cells.  In  addi¬ 
tion,  an  acidic  pH-activated  mechanism  to  overcome 
efflux-dependent  resistance  has  been  explored.38-41 
This  has  been  driven  by  observations  that  cells  resis¬ 
tant  to  cisplatin  have  acidified  intracellular  com¬ 
partments.  Furthermore,  the  influence  of  pFH  on  the 
cytotoxicity  of  cisplatin  in  mouse  mammary  tumor  cells 
can  be  exploited,  as  tumor  cells  are  more  sensitive  to 
cisplatin  when  cultured  in  pFH  6.0  medium  rather  than 
physiologic  pH.42  Given  this,  the  expectation  is  that  an 


resistance  in  cancer  cells.  These  abnormalities  include 
higher  membrane  potentials,  abnormal  fluidity  of  the 
plasma  membrane,  and  changes  in  competency. 
Altered  membrane  protein  trafficking  results  in  a  low¬ 
ered  level  of  transporters  at  the  cell  surface,  therefore 
reducing  the  potential  capacity  of  cells  to  facilitate  the 
uptake  of  drugs  (and  nutrients). 

Previous  studies  by  us  found  that  the  biophysical 
status  of  cellular  membranes  was  associated  with 
cisplatin  resistance.  Compared  to  sensitive  cells,  resis¬ 
tant  cells  had  higher  plasma  membrane  potentials30 
and  mitochondrial  membrane  potentials,31  which 
would  be  dependent  on  differences  in  the  structure 
or  function  of  fatty  acid  composition,  resistance-re¬ 
lated  membrane  protein  expression,  ion  conductivity, 
or  metabolic  regulation.32  One  study  indicated  that  the 
change  of  lipid  content  in  cisplatin-resistant  cells  could 
mediate  the  modulation  of  membrane  fluidity,  which 
was  determined  by  cholesterol,  total  lipids,  and  phos¬ 
pholipid  content.33  The  study  pointed  out  that,  com¬ 
pared  to  sensitive  cells,  the  cholesterol  and  cholesterol 
ether  content  was  significantly  higher,  while  diacylgly- 
cerol  and  triacylglycerol  content  was  apparently  lower 
in  the  resistant  cells.  These  differences  provide  poten¬ 
tial  opportunities  for  drugs  designed  to  selectively 
target  resistant  tumor  cells.  For  instance,  the  orphan 
drug  dichloroacetate  (DCA)  reverses  the  Warburg  ef¬ 
fect  by  inhibiting  pyruvate  dehydrogenase  kinase 
(PDK),  providing  a  mitochondrial  target  to  influence 
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acid-labile  linker  would  release  its  payload  at  a  greater 
rate  inside  the  more  acidic  cisplatin-resistant  cells.  By 
way  of  example,  Kievit  et  al.  demonstrated  that  doxor¬ 
ubicin  tethered  to  iron  oxide  NPs  by  an  acid-labile 
hydrazone  linkage  was  released  to  a  greater  extent 
at  acidic  pH.39 

Modulation  of  Cell  Cycle  in  Resistant  Cells.  The  cell  life 
cycle  is  the  sequence  of  events  that  occur  during  DNA 
replication  and  cell  division,  which  is  divided  into  four 
successive  phases:  Gq,  S  (synthesis),  G2  (collectively 
known  as  interphase),  and  M  (mitosis).  During  Gq,  S, 
and  G2,  cells  accumulate  nutrients  needed  for  mitosis. 
After  mitosis,  cells  enter  a  state  of  quiescence  called 
the  G0  phase  and  stop  dividing  temporarily.43,44  Cell 
cycle  arrest  is  coordinated  with  the  production  of 
membrane  phospholipids,  the  major  cellular  constitu¬ 
ents  required  for  the  assembly  of  biological  mem¬ 
branes.  A  doubling  of  membrane  phospholipids  is 
required  for  cell  proliferation.  Previous  studies  have 
demonstrated  that  phospholipids  accumulate  when 
cells  enter  S  phase45  and  are  synthesized  in  the  G2/M 
phase,46  which  are  controlled  by  a  series  of  cell  cycle 
regulators.47,48  The  cell  cycle  can  be  disturbed  or 
delayed  by  various  molecular  events,  including  the 
intertwined  actions  of  cyclin-dependent  kinases  (CDKs)49 
and  specific  proteolytic  mechanisms,50  as  well  as  che¬ 
motherapeutic  agents.51,52  Cisplatin  is  well-known  to 
arrest  cells  at  G2,53  a  process  mediated  by  checkpoint 
kinases54  and  the  miRNAs  that  control  them.55  In  cells 
that  have  acquired  multidrug  resistance,  cell  cycle 
distribution  and  cell  cycle  arrest  is  often  altered  as  a 
result  of  this  cycle-specific  toxin.  For  exam  pie,  cisplatin- 
resistant  hepatocellular  carcinoma  cells  have  been 
shown  to  spend  more  time  in  the  G2/M  and  S  phases 
(allowing  them  to  spend  greater  time  recognizing  and 
repairing  DNA  damage).56  Interfering  with  cell  cycle 
arrest,  by  inhibiting  or  down-regulating  checkpoint 
kinases,  can  resensitize  cisplatin-resistant  cells  by  for¬ 
cing  the  cells  to  continue  through  the  G2  checkpoint 
into  mitosis,  enforcing  apoptosis.55,57  However,  gene 
silencing  technologies  are  limited  in  their  efficiency, 
and  small  molecules  face  challenges  associated  with 
pharmacokinetics  and  unwanted  side  effects. 

As  such,  NP-mediated  interference  with  the  cell 
cycle  state  has  received  attention.  In  fact,  bare  lipo¬ 
somes  not  loaded  with  drug  have  been  shown  to  arrest 
cells  in  Go/Gq  phase  and  induce  apoptosis,  though 
obviously  the  delivery  of  a  drug  by  liposomes  results 
in  altered  cellular  responses.58-60  Roa  eta/.61  reported 
that  glucose-capped  gold  nanoparticles  accelerate 
cells  through  the  Go/G,  phase  and  arrest  them  in 
G2/M  (much  like  cisplatin).  Increasing  evidence  has  been 
reported  that  metal-based  nanomaterials  such  as  iron 
NPs,62  silver  NPs,63-65  albumin  NPs,66,67  ENREF  60  ZnO 
NPs,68  and  Au  NPs61,69  can  affect  the  cell  cycle  in  dif¬ 
ferent  phases.  While  modification  of  the  cell  cycle  state 
of  cells  may  alter  cell  fate  by  sensitizing  chemotherapy, 


further  study  of  the  mechanisms  of  interaction  be¬ 
tween  nanoparticles  and  phospholipid  cell  mem¬ 
branes  is  required,  as  drugs  that  arrest  cells  can 
inhibit  each  other's  efficacy.70 

SUCCESSFUL  APPLICATIONS  OF  NANOTECH¬ 
NOLOGY  AS  THERAPY  FOR  DRUG-RESISTANT 
CANCER 

Nanoscale  Drug  Delivery  Platforms  That  Target  Membrane 
Transporters.  Drugs  are  often  internalized  by  diffusion 
across  the  cellular  membrane  or  by  transport-facili¬ 
tated  processes.  The  drug  efflux  pumps  (such  as 
P-glycoprotein  (P-gp;  ABCB1))  on  the  cell  membrane 
can  recognize  free  drug  molecules,  capture,  and  efflux 
them  when  they  attempt  to  cross  the  membrane. 

Nanoscale  drug  delivery  platforms  (nDDPs,  not  to 
be  confused  with  the  often-used  acronym  for  cisplatin, 
DDP)  based  on  biodegradable,  biocompatible,  and 
FDA-approved  components  are  taken  up  by  endocy- 
tosis,  preventing  the  drugs  from  being  recognized  by 
efflux  pumps.  The  drugs  are  covalently  bound  to  the 
nDDP,  which  results  in  a  higher  intracellular  accumula¬ 
tion  unaffected  by  transport  processes.71-73  This  in¬ 
crease  is  achieved  partly  because  of  circumvention  of 
membrane-crossing  events  and  partly  because  each 
nDDP  nanoparticle  can  deliver  many  drug  molecules 
(the  analogy  being  that  of  a  Trojan  horse). 

Because  of  the  side  effects  of  platinum-based  che¬ 
motherapeutic  drugs,  efforts  to  design  targeted  and/or 
controlled-release  drug  delivery  systems  is  ongoing, 
with  various  modifications  and  accommodations  for 
multiple  types  of  drug  payloads.  At  a  chemical  level, 
controlled  release  is  achieved  by  installing  linkers  be¬ 
tween  the  nanoparticle  and  drug  containing  functional 
groups  that  are  susceptible  to  either  enzymatic  (e.g., 
esterase)  or  nonenzymatic  {e.g.,  hydrolysis)  cleavage. 

The  main  objective  of  nDDPs  is  to  localize  the 
therapeutic  agent  at  its  site  of  action  for  maximal  effect 
without  resulting  in  a  toxic  distribution  of  the  agent  at 
nontarget  sites.  Aftercareful  consideration  of  their  size, 
toxicity,  absorbance,  distribution,  and  elimination, 
most  nanostructure  platforms  derive  their  effective¬ 
ness  from  adequate  delivery  systems,  including  poly¬ 
mers,  liposomes,  micelles,  dendrimers,  nanoshells, 
and  nanotubes,  as  well  as  magnetic  or  metal  nano¬ 
particles.74-76  Some  of  them  are  promising  applica¬ 
tions  or  becoming  realities  in  healthcare.  For  instance, 
it  has  been  reported  that  poly(ethylene  glycol)-con- 
jugated  (PEGylated)  multiwalled  carbon  nanotubes 
(MWCNTs)  act  as  drug  efflux  modulators.  They  accu¬ 
mulate  in  resistant  cancer  cells  as  well  as  in  sensitive 
cancer  cells  without  damaging  the  plasma  membrane, 
indicating  that  they  are  efficient  drug  carriers  able  to 
overcome  drug  resistance.77  This  is  likely  achieved 
because  the  nanoparticle  itself  is  either  not  recognized 
by,  or  is  too  large  to  be  extruded  by,  multidrug 
resistance  efflux  pumps.  Moreover,  ligand-mediated 


XUE  ET  AL. 


VOL.  7  ■  NO.  12  ■  10452-10464  ■  2013 


10455 


www.acsnano.org 


REVIEW 


interaction  between  nanoparticles  and  the  surface  of 
resistant  cancer  cells  is  one  of  the  most  popular 
strategies.  Properly  designed  nanoparticles  can  focus 
on  active  targets  at  specific  targeting  sites  with  ther¬ 
apeutic  payloads,  taking  advantage  of  markers  on  the 
membranes  of  resistant  cancer  cells,  reducing  the 
dispersal  of  the  drug  and  enhancing  its  therapeutic 
potential.78,79 

Defective  endocytosis  causes  less  intracellular  ac¬ 
cumulation  of  drugs  such  as  cisplatin.  Metallofullerene 
nanoparticles  have  been  successfully  designed  to  re¬ 
pair  receptor-mediated  endocytosis  in  resistant  cells, 
resulting  in  more  efficient  formation  of  cisplatin— DNA 
adducts  to  sensitize  the  resistant  cells  both  in  vitro 
and  in  v/Vo.80  In  addition,  active  nanocarrier  endocy¬ 
tosis  has  been  accomplished  by  other  ligands  such 
as  transferrin,80  epidermal  growth  factor  receptor 
(EGFR),  peptides,81,82  and  siRNA83  via  receptor- 
mediated  endocytosis. 

Other  Modification  Strategies  Related  to  Abnormal  Mem¬ 
brane  Protein  Trafficking.  nDDPs  That  Modify  the  Phos¬ 
pholipids  of  Resistant  Cells.  Alterations  in  the  composi¬ 
tion  of  the  cell  membranes  of  resistant  tumor  cells  have 
been  observed.84-86  For  example,  a  study  based  on 
virtual  screening  found  a  novel  phospholipid  named 
phosphatidylinositol-(1,2-dioctanoyl)  sodium  salt,  identi¬ 
fied  with  transmembrane  P-gp  transportation  inhibi¬ 
tory  activity.  Further  tests  showed  that  the  phosphati- 
dylinositol  derivative  increased  the  bioactivity  of  drugs 
in  several  tumor  cell  lines,  due  to  P-gp  inhibition.87 
Another  study  indicated  that  MCF-7  cisplatin-resistant 
cells  accumulated  more  3,3'-dioctadecyloxacarbo- 
cyanine  perchlorate  (DiO)  dye  from  dye-loaded  lipo¬ 
somes  than  sensitive  cells.88 

Among  different  kinds  of  drug  carriers,  such  as  poly¬ 
meric  micelles,  niosomes,  liposomes,  microspheres, 
immunoglobulins,  peptides,  and  small  proteins,  lipo¬ 
somes  are  considered  as  suitable  lipophilic  carriers  due 
to  their  natural  lipid  components.  Liposomes  are  na¬ 
nosized  artificial  vesicles  composed  of  one  or  more 
phospholipid-enriched  bilayers  containing  mixed  lipid 
chains  that  are  employed  to  attach  to  unhealthy 
tissue.89,90  Liposomes  afford  a  unique  opportunity  to 
deliver  drugs  due  to  their  attractive  composition, 
including  fluidity,  permeability,  stability,  and  structure, 
which  makes  them  biocompatible  and  biodegradable. 
On  the  other  hand,  liposomes  sometimes  alter  the 
pharmacokinetic  parameters  and  dynamic  interactions 
between  tumor  cells  and  encapsulated  drugs:  strongly 
lipophilic  drugs  are  entrapped  almost  completely  in 
the  lipid  bilayer;  strongly  hydrophilic  drugs  are  located 
exclusively  in  the  aqueous  compartment,  and  drugs 
with  intermediate  log  P  partition  between  the  lipid  and 
aqueous  phases,  both  in  the  bilayer  and  in  the  aqueous 
core.  Futhermore,  liposomes  can  easily  be  loaded 
with  different  drugs  for  combination  chemotherapy. 
Ye  et  al.  showed  that  cationic  liposome-mediated 


inducible  nitric  oxide  synthase  (iNOS)  gene  therapy  is 
effective  with  low  dose  cisplatin  treatment  in  lung 
cancer.  Systemic  delivery  of  the  liposome— pVAX-iNOS 
complex  enhanced  cisplatin-mediated  suppression 
of  tumors  by  inhibition  of  cell  proliferation,  invasion, 
migration,  and  promotion  of  cell  apoptosis  both 
in  vitro  and  in  vivo  91  Because  lipid-based  nanoparticles 
have  the  advantage  of  minimum  toxicity  for  in  vivo 
applications,  their  potential  success  in  the  clinic  has 
been  apparent.  Lipoplatin,  a  liposomal  encapsulation 
of  cisplatin  into  tumor-targeted  110  nm  nanoparticles 
(Figure  2A),  shown  to  be  effective  in  non-small-cell 
lung  cancer  (NSCLC)  both  in  phase  II  and  III  trials, 
combines  a  reduction  in  the  toxicity  associated  with 
antitumor  activity  similar  to  the  free  drug.92,93  Lipopla¬ 
tin  infusion  in  tumor  cells  exhibited  10—50  times 
higher  activity  than  in  the  adjacent  normal  specimens, 
with  less  general  toxicity  and  nephrotoxity,  no  signifi¬ 
cant  weight  gain  reduction,  and  fewer  renal  and  liver 
impairments  than  cisplatin  administration.93,94  The 
direct  fusion  of  lipoplatin  with  the  membrane  allows 
for  a  therapeutic  effect  even  after  the  development  of 
cisplatin  resistance  (Figure  2B).95 

nDDPs  That  Modify  Cellular  Metabolism.  An  alternative  to 
traditional  ways  to  treat  cancer  resistance  is  to  de¬ 
crease  intracellular  ATP  levels  by  inhibiting  mitochon¬ 
drial  function,  which  can  significantly  reduce  the 
activity  of  drug  efflux  pumps.  The  pluronic  block  copoly¬ 
mer  (P85)  is  an  important  and  promising  example  of  a 
modifying  agent  for  P-gp,  the  best-known  and  most 
thoroughly  studied  multidrug  resistance  membrane 
transporter,  which  was  discovered  in  198  6  96,97  Mem¬ 
brane  fluidization  by  P85  treatment  inhibits  the  P-gp 
ATPase  drug  efflux  system  and  interferes  with  meta¬ 
bolic  processes.  Therefore,  both  energy  depletion  and 
increased  permeability  and  fluidization  of  a  broad 
spectrum  of  drugs  are  critical  factors  contributing  to 
the  activity  of  the  block  copolymer  for  reversion  of 
multidrug  resistance  (MDR).98,99 

As  an  alternative  approach  to  the  use  of  biological 
nanoparticles,  anticancer  peptide  therapy  focuses  on 
the  development  of  therapeutic  peptides  to  kill  resis¬ 
tant  cells.  A  novel  peptide,  CT20p,  derived  from  a 
helical  unit  of  the  pro-apoptotic  protein  Bax,  is  an 
example  of  a  peptide  that  is  an  effective  killer  both  in 
vitro  and  in  a  murine  breast  cancer  tumor  model. 
Boohaker  and  colleagues  found  that  CT20p  is  amphi¬ 
philic.  It  can  be  encapsulated  in  polymeric  nanoparti¬ 
cles,  modifying  tumor  metabolism  by  causing  an 
increase  in  mitochondrial  membrane  potential.82 
Another  group  focused  on  the  small  ubiquitin-like 
modifier  1  (SUMOI)  peptidase  SENP1,  which  reduces 
hypoxia  and  enhances  chemosensitivity  as  a  potential 
therapeutic  target  for  drug-resistant  testicular  germ 
cell  tumors.100  Garg  et  al.  also  reported  that  PEGylated 
liposomes  modified  with  a  fibronectin  mimetic  peptide 
to  target  metastatic  colon  cancer  cells  inhibited  tumor 
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Figure  2.  Depiction  of  a  lipoplatin  nanoparticle.  (A)  Cisplatin  molecules  are  depicted  as  blue  spheres  surrounded  by  the  lipid 
bilayer  with  hair-like  PEGylated  lipids  protruding  from  the  outer  surface.  These  images  were  produced  by  Francois  Caillaud, 
CNRS/SAGASCIENCE.  (B)  Penetration  of  lipoplatin  nanoparticles  through  the  cell  membrane  of  tumor  cells.  Lipoplatin 
nanoparticles  once  inside  the  tumor  cell  mass  can  fuse  with  the  cell  membrane  because  of  the  presence  of  the  fusogenic  lipid 
DPPG  in  their  lipid  bilayer;  an  alternative  mechanism  proposed  is  that  lipoplatin  is  taken  up  by  endocytosis  by  tumor  cells. 
These  processes  occurring  at  the  cell  membrane  level  are  promoted  by  the  lipid  shell  of  the  nanoparticles  (disguised  as 
nutrients).142'143  Adapted  from  Boulikas,  et  al.,  Cancer  Ther.  2007,  5,  551  -376.  Used  with  permission.144 


growth,  reduced  tumor  metastasis,  and  stimulated 
drug  internalization.101  By  targeting  metabolism  in 
resistant  tumor  cells,  nanotechnology  exhibits  signifi¬ 
cant  antitumor  efficacy  by  inducing  apoptosis  in  both 
sensitive  and  resistant  cancer  cells. 


nDDPs  That  Regulate  Protein  Trafficking  and  Degradation. 

Autophagy  begins  with  the  formation  of  double¬ 
membrane  vesicles  (autophagosomes),  which  then 
fuse  with  lysosomes,  where  the  sequestered  contents 
undergo  degradation  and  recycling,  eliminating 


XUE  ET  AL. 


VOL.  7  ■  NO.  12  ■  10452-10464  ■  2013 


10457 


www.acsnano.org 


REVIEW 


misfolded  proteins  and  damaged  organelles.102-103  The 
critically  important  process  of  autophagy,  which  is  a 
mechanism  of  cell  survival  in  the  presence  of  genomic 
injury,  oxidant  stress,  nutrient  deprivation,  hypoxia, 
inflammation,  and  viral/bacterial  infection,  has  been 
recently  recognized  as  important  for  conferring  resis¬ 
tance  to  cancer  treatment.  Moreover,  it  was  found  that 
autophagy  protects  tumors  from  drug-treated  apop¬ 
tosis  and  aids  survival  and  recovery  with  chemother¬ 
apeutic  drug  treatment.  Modulation  of  autophagy 
dysfunction  was  found  to  resensitize  resistant  cancer 
cells  to  anticancer  therapy.104-106  Unlike  cisplatin, 
which  mainly  causes  cell  death  by  inducing  apoptosis, 
other  platinum  compounds  have  been  shown  to  kill 
cells  via  autophagy.107 

Fullerene  C60  (a  spherical  carbon  structure)  is  a 
chemotherapeutic  sensitizer  that  causes  authentic  au¬ 
tophagy  at  noncytotoxic  concentrations.108  These  nano¬ 
particles  have  been  reported  to  induce  autophagy  and 
sensitize  resistant  cells  to  chemotherapy  when  combined 
with  platinum  drugs,  killing  both  drug-sensitive  and 
drug-resistant  cancer  cells,  a  novel  therapeutic  approach 
to  circumvent  drug  resistance  through  modifying  intra¬ 
cellular  metabolism.109 

RECENTLY  DEVELOPED  PT-TETHER  NDDPS  TO 
TREAT  DRUC-RESISTANT  CANCER  WITH  AB¬ 
NORMAL  MEMBRANE  PROTEIN  TRAFFICKING 

A  number  of  nanoparticles  have  recently  been 
produced  to  conjugate  with  platinum.  The  process  of 
designing  Pt-tether  nanoparticles  includes  tuning  their 
shape  and  size  in  order  to  avoid  disturbing  the  abnor¬ 
mal  membrane  protein  in  resistant  cells.  Surface  mod¬ 
ifications  are  also  made,  including  various  coatings  and 
charges  to  increase  hydrophilicity,  which  can  alter  the 
pharmacokinetics  of  platinum-based  drugs.  As  it  is 
difficult  to  entrap  cisplatin  in  polymeric  sustained- 
release  nanoparticles  (due  to  its  small  cross-section), 
Dhar  et  al.  generated  a  platinum(IV)  complex  (c,f,c-[Pt- 
(NH3)2(02CCH2CH2C00H)2CI2])  as  a  prodrug  that  can 
be  intracellularly  processed  into  cisplatin.  This  release 
of  cisplatin  is  achieved  by  reduction  of  the  platinum(IV) 
complex  by  endogenous  reductants  and  loss  of  the 
axial  ligands.  The  prodrug  has  increased  hydrophobi- 
city  and  offers  a  position  (pendant  carboxylic  acids)  on 
the  axial  ligands  for  conjugation  to  a  nanocarrier  for 
efficient  delivery,  for  example,  by  reaction  with  term¬ 
inal  amines  (Figure  3A). 110-113 

Based  on  this  chemistry,  a  series  of  Pt(IV)-tethered 
nanoparticles  has  been  produced  including  single- 
walled  carbon  nanotubes,1 14  gold  nanoparticles,115  PLGA- 
PEG  nanoparticles,1 10-1 16  peptides,1 17  and  aptamers,1 1 1 
providing  good  examples  of  both  active  platinum(ll) 
derivative  development  and  nDDPs.  These  nanoparticles 
provide  platinum-based  drugs  with  true  drug  carriers 
(Figure  3A).  These  studies  also  shed  light  on  the  impact  of 
the  complex  environment  of  platinum  on  drug  efficacy. 


Additionally,  various  studies  have  reported  that  several 
kinds  of  Pt(IV)-based  nanoparticles  have  shown  very 
promising  efficacy  in  vivo,  with  long  blood  circulation 
time  and  thereby  high  accumulation  in  tumors,  with  low 
systemic  toxicity  and  better  tolerance.111,117-120 

Meanwhile,  researchers  are  working  to  advance  the 
ability  of  nDDPs  to  carry  platinum  drugs  into  resistant 
cells,  especially  with  nanoparticle— Pt  linkers.  One 
popular  strategy  is  to  link  a  nanoparticle  via  a  pH- 
sensitive  coordination  bond  for  endosomal  release. 
Comenge  et  a/.121  used  gold  nanoparticles  to  tether 
cisplatin  with  pH-sensitive  linkers,  without  affecting 
the  therapeutic  and  imaging  benefits.  A  novel  rational 
engineering  of  cisplatin  nanoparticles  by  polyethylene 
glycol  (PEG)-functionalized  poly(isobutylene  maleic 
acid)  (PEG— PIMA)  copolymer  can  coordinate  with  a 
[c/s-diammineplatinum(ll)]  moiety  through  the  pen¬ 
dant  carboxylate  ligands  in  a  similar  fashion  to  the 
carboxylate  ligands  of  oxaliplatin.  In  effect,  the  NP  acts 
as  a  bidentate  ligand  (Figure  3B).  This  complex  self- 
assembles  into  a  nanoparticle,  releasing  cisplatin  in  a 
pH-dependent  manner. 

Another  strategy  often  used  is  to  incorporate  cispla¬ 
tin  into  the  hollow  interior  of  nanoparticles.  Single- 
walled  carbon  nanotubes  (SWNTs),  a  "long  boat"  de¬ 
livery  system,  offer  abundant  volume  to  encapsulate 
cisplatin.  It  was  reported  that  cisplatin-bearing  SWNTs 
increased  anticancer  efficiency  4—6  times  that  of 
cisplatin  alone,  causing  high  concentrations  locally  in 
cells  of  tumor  xenograft  tissue.122  An  assessment  of  a 
series  of  platinum(IV)  complexes  based  on  cisplatin 
with  increasing  lipophilicity  were  assessed  by  John¬ 
stone  et  al.,  showing  that  the  most  lipophilic  platinum 
complex  displayed  the  highest  level  of  encapsulation 
in  PLGA-PEG-COOH  nanoparticles.123  Lian  et  al.  used 
highly  biocompatible  hollow  Prussian  blue  (HPB)  na¬ 
noparticles  with  a  hollow  interior  and  a  microporous 
framework  to  absorb  cisplatin  noncovalently,  and 
these  were  demonstrated  to  exert  cytotoxicity  in  cell 
culture.124  Mesoporous  materials  containing  pores 
with  diameters  between  2  and  50  nm  have  become 
popular  due  to  their  large  surface  area,  high  core 
volume,  and  tunable  nanoscale  pores.  The  matrix  pore 
architecture  makes  them  suitable  for  hosting  a  broad 
variety  of  compounds,  and  they  achieve  localized 
intracellular  release  of  the  platinum  drugs  to  minimize 
the  influence  of  abnormal  membrane  proteins.83-125 
For  example,  mesoporous  silica  materials  loaded  with 
cisplatin  and  transplatin  demonstrated  cellular  inter¬ 
nalization  and  synergistic  cell  killing  (the  nanoparticles 
themselves  display  cytotoxicity).125  Mesoporous  silica 
nanoparticles  conjugated  with  folic  acid  have  been 
shown  to  enter  cells  via  folate  receptor  (FR)-mediated 
endocytosis.126  When  loaded  with  cisplatin,  these  tar¬ 
geted  mesoporous  silica  nanoparticles  only  showed 
cytotoxicity  toward  cells  expressing  FR.  While  this 
targeting  concept  is  attractive,  relying  on  endocytic 
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Figure  3.  Examples  of  the  chemical  strategies  used  to  tether  cisplatin  and  cisplatin-like  moieties  to  nanoparticle  constructs. 
(A)  Platinum(IV)  complex  c/s,frans,c/s-[PtCl2(OH)2(NFl3)2]  contains  cisplatin  in  the  equatorial  plane  along  with  two  hydroxido 
ligands  in  the  axial  positions.  Reaction  with  succinic  acid  produces  ris^rans.c/'s-IPtCyOFIHOjCCHjCHjCOjHMNF^y.  The 
terminal  carboxylic  acid  can  then  be  conjugated  to  amine-functionalized  nanoparticles  (NPs)  by  amide  coupling.  In  a 
biological  environment,  the  tethered  NP-platinum(IV)  complex  can  be  reduced  by  biological  reductants  such  as  glutathione 
or  ascorbate.  This  results  in  the  release  of  cisplatin,  a  platinum(ll)  complex,  and  the  axial  ligands  (one  of  which  is  the  NP).  As 
such,  provided  that  ligand  exchange  reactions  at  the  platinum(IV)  center  do  not  take  place,  this  conjugation  method  results  in 
NPs  that  release  cisplatin.  (B)  In  this  instance,  cisplatin  is  tethered  to  the  NP  via  its  "leaving  groups".  To  achieve  this  chemistry, 
cisplatin  is  reacted  with  silver  nitrate.  While  silver  nitrate  is  soluble,  silver  chloride  is  highly  insoluble — as  silver  precipitates 
with  chloride  exchanged  from  cisplatin,  a  "diaqua"  species  is  produced.  Aqua  ligands  are  relatively  unstable,  and  this 
aquation  step  of  cisplatin  (by  loss  of  chlorido  ligands)  in  cells  is  considered  to  be  a  necessary  intermediate  reaction  before 
cisplatin  reacts  with  DNA.  Once  the  "reactive"  diaqua  species  is  produced,  it  is  reacted  with  carboxylic-acid-functionalized 
NPs.  The  NP  carboylate  groups  coordinate  with  platinum(ll)  complex  in  place  of  the  aqua  ligands.  In  this  sense,  the  NP  acts  as  a 
very  large  bidentate  ligand,  analogous  to  the  leaving  groups  of  the  platinum(ll)  drug  carboplatin.  Release  of  the  platinum 
complex  from  the  NP  in  a  relatively  acidic  environment  in  theory  releases  the  highly  reactive  diaqua  form  of  cisplatin. 


processing  for  targeting  resistant  cells  may  be  limiting 
in  cisplatin-resistant  cells  given  their  depressed  endo- 
cytic  rate. 

Although  novel  chemotherapeutic  nDDPs  have 
been  established  every  day,  several  problems  still  need 
careful  investigation.  Researchers  expect  nanomedicine 


to  resolve  the  problem  of  how  to  get  enough  of  the  right 
drug  to  the  right  place  without  causing  side  effects  (from 
either  the  drug  or  the  NPs),  immune  responses,  or 
inducing  resistance.  A  micelle-encapsulated  hydropho¬ 
bic  platinum(ll)  nanomedicine  displayed  excellent  tumor 
to  tissue  ratios  and  6  times  higher  cellular  accumulation 
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compared  with  the  free  platinum  compound,  providing 
a  good  example  of  not  only  outstanding  pharmacoki¬ 
netics  and  tumor  selectivity  but  also  specifically  high 
cytotoxicity  against  tumor  cells.127  Harnessing  the 
immune  system  capacity  in  order  to  induce  antitumor 
response  remains  an  important  challenge.  How  to 
utilize  immune  response  in  prognosis  and  therapy 
remains  unknown  despite  its  high  prevalence.  A 
15  kDa  variable  domain  of  camelid  heavy-chain-only 
antibodies,  called  Nanobodies,  are  being  explored  for 
their  ability  to  potentiate  cancer  therapy.128-130  In 
other  cases,  bionanoparticles,  such  as  antibodies  pep¬ 
tides,  etc.,  showed  their  ability  to  induce  immune 
response  and  apoptosis.131  In  recent  years,  several 
nanoscale  drug  carriers  have  entered  clinical  trials.132 
Cisplatin  treatment  results  in  severe  kidney  toxicity, 
requiring  patients  to  drink  large  amounts  of  water 
during  treatment.  However,  that  is  not  the  case  in 
NanoCarrier  (Nanoplatin)  trials,  as  the  carrier's  size 
allows  it  to  move  into  and  accumulate  in  the  pan¬ 
creatic  tumor,  instead  of  accumulating  in  the 
kidney.133-135  A  30  nm  polymer  to  transport  che¬ 
motherapeutic  drugs  is  currently  undergoing  phase  II 
clinical  trials  with  advanced  or  metastatic  pancreatic 
cancer,  doubling  survival  time  from  5  months  to  more 
than  12.132'134'136-138 

FURTHER  CHALLENGES  AND  PROSPECTS  FOR 
THERAPEUTIC  STRATEGIES  TO  COMBAT  DRUG- 
RESISTANT  CANCER 

Cisplatin  resistance  still  remains  a  major  challenge  to 
successful  treatment  of  cancer.  Nanotechnology  is  a 
field  that  has  developed  rapidly  and  provides  a  pro¬ 
mising  approach  to  chemotherapy.  In  addition,  the 
properties  of  nDDPs,  including  stable  and  strong 
fluorescence,  etc.,  also  give  promising  opportunities 
to  evaluate  the  sensitivity  of  imaging  systems  for 
chemotherapy.80-139,140  For  example,  Xue  et  al.  de¬ 
veloped  a  self-indicating  drug  delivery  system  that 
visualized  spatiotemporal  drug  release  via  tunable 
aggregation-induced  emission  by  monitoring  drug 
cargo  fluorescence.141  Although  exciting  approaches 
have  been  reported  in  the  recent  years,  applications  of 
nanotechnology  to  cancer  treatment  appear  to  over¬ 
come  some  of  the  limitations  of  traditional  chemother¬ 
apy,  giving  hope  that  solutions  to  the  problems  of  drug 
resistance  can  be  found.  To  develop  this  approach, 
further  study  is  needed  in  the  following  areas: 

(1)  Abnormal  membrane  proteins  as  potential  drug 
targets 

(2)  The  interaction  and  relationship  between  ab¬ 
normal  membrane  proteins  and  tumor  meta¬ 
bolism  as  well  as  the  extracellular  environment 

(3)  The  pharmacokinetics  (including  absorbance, 
distribution,  metabolism,  and  excretion)  of 
nanoscale  drug  delivery  systems,  especially  ac¬ 
tive  delivery  of  functionalized  nanocarriers 


(4)  Higher  sensitivity  imaging  techniques  with  mo¬ 
lecular  specificity  (as  platinum-based  drugs  are 
difficult  to  trace) 

(5)  The  safety  and  toxicity  of  nanoparticles,  as  well 
as  immune  response 

To  achieve  tangible  therapeutic  benefits  from  the 
above  information,  the  mechanisms  that  cause  abnor¬ 
mal  membrane  protein  trafficking  to  develop  into 
cisplatin  resistance  need  to  be  exploited.  Based  on 
research  reported  so  far,  it  can  be  expected  that  nDDPs 
that  target  abnormal  membrane  proteins  may  repre¬ 
sent  a  useful  approach  to  improving  the  clinical  out¬ 
comes  of  existing  platinum-based  anticancer  drugs. 
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Abstract 

Immunotoxins  are  a  group  of  protein-based  therapeutics, 
basically  comprising  two  functional  moieties:  one  is  the  antibody 
or  antibody  Fv  fragment  that  allows  the  immunotoxin  to  bind 
specifically  to  target  cells;  another  is  the  plant  or  bacterial  toxin 
that  kills  the  cells  upon  internalization.  Immunotoxins  have  several 
unique  features  which  are  superior  to  conventional 
chemotherapeutics,  including  high  specificity,  extraordinary 
potency,  and  no  known  drug  resistance.  Development  of 
immunotoxins  evolves  with  time  and  technology,  but  significant 
progress  has  been  achieved  in  the  past  20  years  after  introduction 
of  recombinant  DNA  technique  and  generation  of  the  first  single¬ 
chain  variable  fragment  of  monoclonal  antibodies.  Since  then, 
more  than  1,000  recombinant  immunotoxins  have  been  generated 
against  cancer.  However,  most  success  in  immunotoxin  therapy 
has  been  achieved  against  hematological  malignancies,  several 
issues  persist  to  be  significant  barriers  for  effective  therapy  of 
human  solid  tumors.  Further  development  of  immunotoxins  will 
largely  focus  on  the  improvement  of  penetration  capability  to  solid 
tumor  mass  and  elimination  of  immunogenicity  occurred  when 
given  repeatedly  to  patients.  Promising  strategies  may  include 
construction  of  recombinant  antibody  fragments  with  higher 
binding  affinity  and  stability,  elimination  of  immunodominant  T- 
and  B-cell  epitopes  of  toxins,  modification  of  immunotoxins  with 
macromolecules  like  poly(ethylene  glycol)  and  liposomes,  and 
generation  of  immunotoxins  with  humanized  antibody  fragments 
and  human  endogenous  cytotoxic  enzymes.  In  this  paper,  we 
briefly  reviewed  the  evolution  of  immunotoxin  development  and 
then  discussed  the  challenges  of  immunotoxin  therapy  for  human 
solid  tumors  and  the  potential  strategies  we  may  seek  to  overcome 
the  challenges. 

Keywords:  Recombinant  immunotoxin,  cancer  therapy,  solid 
tumor,  challenges,  strategies 


Introduction 

In  the  last  decade  of  the  19th  century,  Paul  Ehrlich  postulated 
that  if  a  compound  could  be  made  that  selectively  targeted  against 
a  disease-causing  organism,  then  a  toxin  for  that  organism  could  be 
delivered  along  with  the  agent  of  selectivity  and  he  further  created 
the  term  “antibody”  for  such  products  (1,  2).  With  great  efforts  of 
about  one  century,  scientists  have  not  only  confirmed  the  presence 
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of  antibody  but  also  unraveled  its  structure  and  function. 
Introduction  of  hybridoma  technology  by  Kohler  and  Milstein  in 
1975  made  it  possible  to  produce  monoclonal  antibodies  (MAbs) 
in  a  large  scale  (3).  More  recent  development  of  recombinant  DNA 
techniques  provoked  the  interest  of  scientists  to  generate 
engineered  antibody  fragments  as  well  as  cytotoxic  toxins  (4,  5). 
Because  of  these  technical  achievements,  antibody-based  therapy 
has  become  one  of  the  fastest  growing  fields  in  tumor  therapy  in 
recent  years  (6,  7). 

In  general,  naked  MAbs  are  rarely  potent  enough  against 
cancer  by  themselves,  they  are  more  often  used  through  linking 
cytotoxic  chemical  drugs  or  protein  toxins.  The  former  is  usually 
called  antibody-drug  conjugates  (ADCs),  while  the  latter  is  known 
as  immunotoxins  (ITs).  ADCs  are  generated  by  conjugating  a  MAb 
with  a  cytotoxic  drug  through  a  crosslinking  reagent,  while  ITs  are 
prepared  by  chemically  conjugating  an  antibody  or  genetically 
fusing  fragments  of  an  antibody  with  a  toxin,  mostly  from  plants  or 
bacteria  such  as  ricin,  saporin,  Pseudomonas  exotoxin  A  (PE),  and 
Diphtheria  toxin  (DT)  (8-10).  Both  ADCs  and  ITs  are  designed 
based  on  the  concept  that  selective  accumulation  of  cytotoxic 
agents  at  the  tumor  site  and  within  the  tumor  cells  can  be  achieved 
through  the  antibody  specificity  by  targeting  a  specific  antigen 
highly  expressed  by  tumor  cells,  thereby  improving  therapeutic 
efficacy,  while  minimizing  side  effects  induced  by  cytotoxic 
agents  (11,  12).  Since  there  have  already  had  many  excellent 
reviews  on  various  aspects  of  ADCs,  we  focused  in  this  review  on 
the  progress  of  IT  development,  and  the  major  challenges  we  are 
facing  and  the  potential  strategies  we  may  seek  in  the  IT  therapy  of 
human  solid  tumors. 

Evolution  of  IT  Development 

ITs  are  basically  composed  of  two  functional  moieties:  one  is 
a  MAb  or  Fv  portions  of  an  antibody;  another  is  a  plant  or  bacterial 
toxin.  MAbs  are  known  to  be  the  most  specific  agent  against  an 
antigen  expressed  by  cancer  cells,  while  the  toxin  part  is  among  the 
most  potent  agents  against  cancer  cells.  One  single  IT  molecule 
can  inactivate  over  200  ribosomes  or  elongation  factor-2  molecules 
per  minute  and  is  potent  enough  to  kill  a  cell  as  compared  to  104- 
105  molecules  of  a  chemotherapeutic  drug  that  are  needed  to  kill 
one  cell  (13). 

Development  of  ITs  evolves  with  time  and  technology  (5). 
The  first  generation  of  ITs  was  generated  by  coupling  a  native 
toxin  with  a  MAb  through  a  crosslinking  reagent  that  forms 
disulfide  bonds  between  the  toxin  and  antibody  moieties.  However, 
native  toxins  induce  severe  side  effects  when  given  to  humans  due 
to  their  non-specific  binding  to  normal  cells.  Native  toxins  are 
commonly  composed  of  three  domains:  one  is  the  receptor  binding 
or  cell  recognition  domain  that  enables  the  toxin  to  bind  to  the  cell 
surface;  one  is  the  translocation  domain  that  helps  translocation  of 
the  A  chain  into  cytosol;  and  the  third  one  is  the  catalytic  domain 
(also  called  activity  domain  or  A  chain)  that  exerts  cytotoxic 
effects  on  cells  upon  translocation  to  the  cytosol  compartment  (14, 
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15).  The  binding  domains  of  different  toxins  recognize  various 
receptors  ubiquitiously  on  normal  cells.  The  non-specific  binding 
compromises  the  specificity  of  ITs,  and  induces  severe  systemic 
side  effects.  Thereby,  toxins  were  deglycosylated  and  the  binding 
domain  was  deleted  when  conjugated  to  MAbs,  which  led  to  the 
development  of  second  generation  of  ITs.  As  expected,  this 
approach  significantly  reduces  the  non-specific  toxicides  of  ITs, 
allowing  more  ITs  to  be  given  to  humans.  Although  the  results 
were  encouraging,  some  problems  for  the  second  generation  ITs 
persisted,  including:  1)  poor  stability  due  to  the  chemical 
crosslinking  between  antibody  and  toxin  moieties;  2) 
heterogeneous  composition  and  reduced  binding  affinity  caused  by 
the  random  conjugation;  3)  poor  penetration  to  solid  tumor  mass 
because  of  the  large  molecular  size  (>190  kDa);  4) 
immunogenicity;  and  5)  limited  production  (5,  16). 

To  improve  the  pharmacokinetics  and  reduce  the  side  effects 
of  ITs,  great  efforts  have  then  been  made  to  generate  the  third 
generation  ITs  which  is  called  recombinant  ITs  (RITs). 
Development  of  RITs  is  driven  by  the  ability  to  genetically  design 
and  express  the  antibody  fragments  and  toxins  with  recombinant 
DNA  techniques  (17-19).  Generally  speaking,  development  of 
RITs  involves  two  critical  steps:  1)  design  and  construct  the 
recombinant  antibody  fragments  and  mutated  PE  or  DT;  and  2) 
expression  and  purification  of  the  constructed  products. 

Regarding  the  expression  of  RITs,  yeast,  bacteria,  CHO  cells, 
and  insect  cells  are  the  systems  most  frequently  used  (20-22).  Each 
system  has  its  unique  features,  but  the  most  critical  requirements 
for  an  expression  system  are  the  capability  to  properly  fold 
complex  proteins  like  RITs  with  multiple  domains,  and  resistance 
to  the  toxin  moiety.  Cheap,  fast,  and  easy  to  produce  and  purify  the 
products  is  one  more  requirement.  Bacterial  systems  are  generally 
resistant  to  toxins  and  they  are  currently  more  widely  used  to 
generate  RITs.  A  major  limitation  is  that  bacterial  systems  lack  the 
ability  to  efficiently  fold  complex  proteins.  RITs  with  multiple 
domains  must  be  denatured  and  refolded  ex  vivo  to  recover  the 
binding  capability  and  bioactivity.  This  also  limits  the  yield  of  RIT 
production  using  bacterial  systems.  Toxin-resistant  cell  lines  such 
as  CHO  and  HEK293T  are  also  used  to  produce  RITs,  but  it  is 
labor-intensive  and  time-consuming  to  select  and  characterize 
toxin-resistant  cells  (23).  High  cost  for  production  is  another  issue 
for  cell  lines.  Yeasts,  like  Pichia  pastoris  (P.  pastoris),  could  grow 
in  a  simple,  inexpensive  medium  with  a  high  growth  rate  in  either 
a  shake  flask  or  a  fermenter,  making  it  suitable  for  both  small  and 
large  scale  production.  Importantly,  P.  pastoris  is  capable  of 
properly  folding  RITs  (20,  21).  Similar  to  mammalian  cell  lines,  P. 
pastoris  is  sensitive  to  toxins,  thus  it  is  also  essential  to  select 
toxin-resistant  strains. 

Since  the  first  report  on  generation  of  variable  domain 
fragments  in  1988,  more  than  1,000  RITs  have  been  developed 
with  different  systems  and  development  of  RITs  is  becoming  one 
of  the  fast-growing  fields  in  cancer  therapy  (24,  25).  This  is  also 
due  to  the  superior  features  of  RITs  over  the  first  two  generations. 
First,  RITs  have  a  much  smaller  molecular  size,  which  pennits 
them  penetrating  into  the  deeper  region  of  solid  tumors.  Second, 
RITs  exhibit  a  more  desirable  pharmacokinetics  with  reduced 
immunogenicity  and  off-target  toxicity.  Third,  application  of 
engineered  expression  systems  allows  large-scale  production  of 
RITs  more  cost-effectively,  eliminating  the  concern  on  production 
yield  for  clinical  use.  However,  there  are  still  some  challenges  we 
have  to  face,  especially  when  RITs  are  used  to  treat  human  solid 
tumors  and  among  them  are  the  limited  penetration  capability  and 
immunogenicity  of  RITs. 


scFv 

Bivalent 


tandam  scFv  I — — 


Bispecihc  [— 77 

tandam  scFv  1 — 


Fold-back 

diabody 


Mimbodir  |  yL 
Tnabody 
Mutated  toxin  1 


Figure  1:  Constructs  of  different  formats  of  recombinant  antibody 
fragments  and  mutated  toxin  with  deletion  of  the  binding  domain.  VL  and 
Vh  are  the  variable  domains  of  light  and  heavy  chains,  respectively.  scFv: 
single-chain  fragment  variable;  Trans:  translocation  domain  of  toxin. 


Limited  Penetration  Capability 

1.  Molecular  size,  binding  affinity,  and  binding-site  barrier 

Antibodies  share  a  relatively  uniform  and  well-characterized 
protein  structure.  They  are  typically  composed  of  two  large  heavy 
chains  and  two  small  light  chains,  presenting  a  “Y”-shape.  One 
characteristic  is  that  antibodies  have  a  small  and  extremely  variable 
region  at  the  two  tips  of  “Y”  that  allows  millions  of  antibodies 
possessing  different  and  specific  antigen  binding  sites  (26,  27). 
Therefore,  the  smallest  engineered  fragment  of  antibodies  that 
retains  the  original  binding  site  is  the  scFv  (25-30  kDa),  which 
consists  of  a  variable  heavy  domain  (VH)  and  a  variable  light 
domain  (VL)  joined  by  a  linker  of  10  to  25  amino  acid  peptide  (Fig. 
1  and  2).  The  peptide  linker  is  usually  rich  in  glycine  for  flexibility 
and  serine  or  threonine  for  solubility.  Therefore,  the  smallest  RITs 
generated  currently  are  those  containing  one  scFv.  Due  to  the  small 
size  (~60  kDa),  these  small  RITs  exhibit  markedly  improved 
penetration  capability  to  solid  tumor  mass,  but  they  are  also 
cleared  quickly  from  bloodstream  (tl/2  =  ~20  min)  (28).  They  also 
have  a  low  binding  affinity  due  to  the  monovalency.  The  outcome 
is  low  tumor  uptake  and  low  therapeutic  efficacy.  More  desirable 
pharmacokinetics  has  been  achieved  by  constructing  RITs  using 
bivalent  or  divalent  scFv  (tandem  scFv  and  diabody,  50-60  kDa), 
and  scFv-fusion  proteins  (minibody,  80  kDa;  scFv-Fc,  105  kDa) 
(29-30).  Bivalent  scFv  is  engineered  by  linking  two  scFvs  with  a 
peptide  linker.  This  has  been  achieved  with  two  formats:  one  is 
bivalent  tandem  scFv  which  is  generated  when  the  two  scFvs  fonn 
a  single  peptide  chain;  and  another  is  bivalent  scFv  diabody  which 
is  generated  by  avoiding  dimerization  of  the  VH  and  VL  domains 
from  one  scFv  through  a  short  linker  (about  five  amino  acids), 
while  forcing  the  two  scFvs  to  dimerize  by  using  a  long  linker 
(about  15  amino  acids)  (Fig.2).  Bivalent  scFv  RITs  have  a  high 
binding  affinity  close  to  full  antibodies,  which  are  due  to  the 
increase  of  bivalent  binding  fraction  and  a  decrease  of  the 
equilibrium  dissociation  constant  (&TD).  Under  most  conditions  for 
bivalent  scFv  binding,  two  measurable  KD  exist  with  one  for 
monovalent  and  the  other  for  bivalent  binding.  The  overall  binding 
affinity  of  an  antibody  fragment  is  determined  by  the  fraction  of 
bivalent  binding.  Increasing  the  bivalent  binding  fraction  is  one 
approach  to  enhance  the  binding  affinity,  which  can  be  achieved 
by  optimize  the  primary  and  secondary  structures  (27).  Wang  et  al. 
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have  compared  the  binding  affinity  among  different  formats  and 
shown  that  the  bivalent  fold-back  format  of  RITs  is  several  folds 
higher  than  bivalent  tandem  and  monovalent  scFv  formats  (31). 
Bivalent  scFv  RITs  also  have  a  longer  circulation  time  (ty2  =  ~40 
min)  than  scFv  RITs,  but  is  still  much  shorter  than  antibody-toxin 
conjugates  (ty2  =  4-8  hours  or  more).  Other  formats  such  as 
triabodies,  tetrabodies  and  scFv-Fc  have  also  been  produced,  but 
these  formats  are  less  commonly  used  to  construct  RITs  because 
the  benefit  from  increased  binding  affinity  could  be  compromised 
by  the  increased  molecular  size.  An  alternative  development  is 
bispecific  tandem  scFv  which  is  generated  by  linking  two  scFvs 
from  two  antibodies  targeting  different  antigens  (32-34).  The 
therapeutic  benefit  of  bispecific  RITs  is  still  unclear. 


^  V  |  V  . 


scFv  bivalent  tandem  scFV  bispecifictandem  scFv 


Figure  2:  Carton  structures  of  different  formats  of  recombinant  antibody 
fragments  and  representative  scFv-based  immunotoxin. 

As  pointed  out  above,  limited  transvascular  diffusion  of  RITs 
into  solid  tumors  represents  a  major  problem  for  cancer  therapy. 
Similar  to  naked  antibodies,  penetration  of  RITs  into  tumors  is  a 
process  of  diffusion,  which  is  greatly  affected  by  the  molecular 
size  and  binding  affinity  of  RITs  as  well  as  by  the  properties  of 
antigen  (density,  distribution,  and  internalization  rate).  Decreased 
penetration  rate  following  binding  with  antigens  is  referred  to  as 
the  “binding-site  barrier”  (35-37).  In  general,  smaller  RITs  and 
those  with  higher  binding  affinity  have  better  penetration 
capabilities.  Some  studies  have  shown  that  the  binding-site  barrier 
could  be  overcome  by  increasing  the  dose,  but  the  off-target 
toxicity  will  increase  too.  In  this  respect,  increasing  the  stability 
and  circulating  half-life  of  a  RIT  by  optimizing  its  structure  offers 
an  approach  to  enhance  the  penetration  and  accumulation  of  RITs 
in  tumors. 

2.  Modifications  of  RITs  with  macromolecules 

Successful  delivery  of  drugs  has  been  achieved  with 
PEGylated  liposomes,  polymeric  micelles,  lipoplexes,  and 
polyplexes  (38,  39).  One  successful  example  is  the  liposomal 
doxorubicin  (Doxil),  the  first  FDA-approved  nanodrug  (40). 
Success  of  Doxil  is  based  on  several  unrelated  principles  including 
prolonged  circulation  time  and  avoidance  of  the  reticuloendothelial 
system  due  to  the  use  of  PEGylated  liposomes,  and  high  and  stable 
remote  loading  of  doxorubicin  driven  by  a  transmembrane 
ammonium  sulfate  gradient,  which  also  allows  for  drug  release  at 
tumor  site.  Because  of  the  enhanced  permeability  and  retention 
(EPR)  effect  in  tumors,  Doxil  is  passively  targeted  to  tumors  and 


its  doxorubicin  is  released  and  becomes  available  to  tumor  cells. 
The  EPR  effect  is  based  on  the  fact  that  the  tumor  vasculature  is 
“leaky”,  with  an  effective  pore  size  of  200  nm  to  600  nm  in 
diameter  in  the  endothelial  lining  of  blood  vessels  (41,  42).  The 
EPR  effect  allows  for  extravasation  and  accumulation  of 
macromolecules  in  the  interstitial  space  of  tumors.  Such 
accumulation  is  additionally  affacted  by  the  virtual  lack  of  a 
lymphatic  system,  responsible  for  the  drainage  of  macromolecules 
from  normal  tissues.  Such  strategies  have  also  been  used  to  extend 
the  half-life  of  RITs.  Wang  et  al.  have  reported  that  a  PEGylated 
chimeric  toxin  composed  of  transfonning  growth  factor-a  and  PE 
exhibited  an  improvement  in  its  circulation  time  and  a  decrease  in 
its  immunogenicity  (43).  Studies  by  Tsutsumi  et  al.  have  also 
shown  that  PEGylation  of  the  RIT  (anti-Tac(Fv)-PE38,  LMB-2) 
improved  its  antitumor  activity  and  reduced  its  toxicity  and 
immunogenicity  (44).  PEGylation  and  coating  may  reduce 
opsonization  of  RITs  by  blood  proteins,  prevent  interaction  with 
blood  components,  and  minimize  the  uptake  by  the 
reticuloendothelial  system  (45). 

PEGylation  or  other  coatings,  however,  may  hinder  drug 
release  and  drug  interaction  with  target  cells,  which  can  be  an 
obstacle  in  the  realization  of  therapeutic  response  (39,  45). 
Attempts  have  been  made  to  avoid  this  situation  by  means  of 
shedding  (i.e.  a  loss  of  the  coating  after  arrival  at  the  target  site  — 
extracellular  or  intracellular  release)  (46-48).  Shedding  has  been 
designed  with  various  strategies  and  one  effective  strategy  is  the 
use  of  a  pH-sensitive  functional  group  as  a  linker  between  the 
coating  and  its  anchor  by  taking  advantage  of  the  low  extracellular 
pH  (as  low  as  6.0)  in  tumors.  The  pH-sensitive  functional  group 
such  as  diorthoester,  orthoester,  vinyl  ether,  phosphoramidate, 
hydrazone,  and  thiopropionate  undergoes  protonation  in  the  low 
pH  environment,  leading  to  hydrolysis  of  the  sensitive  bond  and 
therefore  to  collapse  of  the  particles  (38,  39).  Although  coating  and 
shedding  approach  has  been  well  tested  for  delivery  of 
chemotherapeutic  drugs,  there  are  no  reports  for  its  use  in  RIT 
therapy. 

Immunogenicity 

1.  Immunogenicity  of  antibody  fragment  and  toxin  moieties 

IT  therapy  has  been  used  successfully  in  patients  with  some 
types  of  hematological  malignancies.  Although  easy  access  to 
tumor  cells  is  a  major  factor,  less  human  immunoreaction  is 
another  factor  that  is  critical  for  the  success.  These  patients 
typically  have  a  severely  compromised  immune  system  because  of 
the  disease  and  previous  chemotherapy.  However  patients  with 
solid  tumors  often  have  a  fairly  healthy  immune  system.  When 
RITs  are  given  repeatedly  to  these  patients,  immunoreaction 
including  neutralizing  antibodies  develops  inevitably.  Such  a 
response  does  not  necessarily  cause  severe  side  effects,  but  it  may 
lead  to  a  loss  of  the  RIT  efficacy  and/or  result  in  neutralization  of 
the  endogenous  counterpart  of  patients  (11,  49).  Human 
immunoreaction  is  a  major  reason  to  stop  repeated  administration 
of  RITs. 

Both  of  the  two  components  of  RITs  are  immunogenic  to 
humans,  but  the  neutralizing  antibodies  are  formed  in  patients 
mostly  against  the  toxin  moiety,  occasionally  against  the  mouse 
scFv  when  a  mouse  antibody  sequence  is  used  to  construct  the 
RITs.  Reduced  immunogenicity  of  antibody  fragments  is  largely 
due  to  the  removal  of  Fc  region.  A  major  intrinsic  factor  for  the 
antibody’s  immunogenicity  is  the  presence  of  carbohydrate  side 
chains  attached  to  the  antibody  via  glycosylation  sites  conferred  by 
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the  amino  acid  sequence  of  the  light  and  heavy  chain  Fv  regions 
(50,51). 

PE  and  DT  are  the  two  toxins  commonly  used  to  construct 
RITs  (15,  52,  53).  PE  is  a  613  amino  acid  protein  (66  kDa) 
originally  produced  by  the  bacterium  Pseudomonas  aeruginosa.  A 
unique  feature  of  PE  is  its  resistance  to  various  mutations  without 
compromising  its  cytotoxicity.  This  characteristic  enables  PE  to  be 
modified  genetically  to  raise  its  stability  and  lower  its 
immunogenicity.  To  this  end,  various  mutated  versions  of  PE  have 
been  generated,  and  the  38  kDa  and  40  kDa  fragments  (named 
PE38  and  PE40,  respectively)  are  the  versions  most  frequently 
used  in  RIT  construction.  DT  is  a  535  amino  acid  protein  (62  kDa) 
secreted  by  Corynebacterium  diphtheria.  Similar  to  PE,  DT  also 
has  three  functional  domains,  but  organized  in  the  reverse  order. 
Except  for  the  truncated  fragments  of  DT486,  DT389  and  DT390, 
one  modification  of  DT  involves  substitution  of  two  amino  acids  at 
positions  390  and  525  in  the  C-terminal  region,  which  results  in  a 
new  molecule  crossreacting  material-107  (CRM-107)  (54,  55).  A 
major  benefit  of  these  mutated  versions  of  PE  and  DT  is  the 
reduced  non-specific  toxicity  to  humans.  For  example,  PE40  has 
been  shown  to  be  more  than  100-fold  less  toxic  than  the  native  PE, 
and  CRM- 107  reduces  the  non-specific  binding  of  native  DT  by 
8000-fold,  thus  increasing  the  toxin’s  tumor-specificity  of  10,000- 
fold  (13,  55).  However,  the  immunogenicity  of  these  mutated 
toxins  remains  to  be  an  issue  although  reduced  significantly.  An 
associated  issue  is  that  the  immunogenecity  to  humans  is 
determined  only  in  clinical  trials  or  after  product  launch  and  there 
is  still  a  debate  on  the  suitability  of  animal  models  for 
immunogenicity  prediction  during  drug  development  because  of 
the  species-specificity  of  the  immune  response  (56,  57).  Most 
studies  have  shown  that  conventional  animal  models  over-estimate 
immunogenicity  in  patients,  making  them  unsuitable  to  predict 
immunogenicity  in  patients.  However,  animal  models  are 
increasingly  used  for  selected  immunogenicity  studies. 

2.  Efforts  on  minimizing  immunogenicity  and  next  generation 
of  RITs 

To  mitigate  the  immunogenicity,  several  strategies  have  been 
tested.  Efforts  to  decrease  antibody  responses  to  ITs  with 
cyclophosphamide,  cyclosporine,  or  rituximab  have  been 
unsuccessful  (58,  59).  Interestingly,  combined  use  of  RITs  with 
immune-modulating  agents  has  been  shown  to  be  an  approach  to 
reduce  the  generation  of  neutralizing  antibodies.  Studies  by 
Mossoba  et  al.  have  shown  that  induction  treatment  with 
pentostatin  and  cyclophosphamide  before  IT  therapy  effectively 
prevents  the  formation  of  neutralizing  antibodies  in  mice  and 
patients  treated  with  a  RIT  called  SS1P,  which  is  further  improved 
by  maintenance  pentostatin  and  cyclophosphamide  therapy  (60- 
62).  Pentostatin  and  cyclophosphamide  are  two  agents  that  could 
severely  deplete  host  B  and  T  immune  cells  with  relative  sparing 
of  host  myeloid  cells,  and  without  activity  in  mesothelioma. 
Elimination  of  immunodominant  T-  and  B-cell  epitopes  is  another 
strategy  under  studies  to  reduce  the  toxin  immunogenicity  (63-65). 
Pastan  et  al.  have  identified  seven  major  B-cell  epitope  groups 
with  13  subgroups  by  using  60  monoclonal  antibodies  against 
PE38  and  by  mutating  large  surface-exposed  residues  to  alanine 
(65).  It  has  been  shown  that  deletion  of  the  specific  hydrophilic 
amino  acids  from  PE38  protein  has  significantly  reduced  its 
immunogenicity  but  still  retain  its  full  cytotoxic  activity  (65). 

The  immuogenicity  problem  is  also  addressed  by  developing 
the  next  or  fourth  generation  of  RITs  through  using  humanized  or 
human  antibody  fragments  and  human  endogenous  cytotoxic 
enzymes  such  as  RNase,  Granzyme  B,  and  death-associated 


protein  kinase  2  (DAPK2)  (66-68).  RNase  is  a  type  of  nuclease, 
playing  critical  roles  in  the  maturation  of  RNA  molecules  as  well 
as  clearance  of  cellular  RNA  that  is  no  longer  required.  Granzyme 
B  is  an  immune  defense  protein  that  is  secreted  from  the  cytotoxic 
granules  of  activated  cytotoxic  T-cells  and  natural  killer  cells. 
Following  the  perforin-dependent  translocation  of  Granzyme  B 
into  the  cytoplasm  of  target  cells,  a  proteolytic  cascade  can  be 
initiated,  which  leads  to  target  cell  undergoing  apoptosis.  DAPK2 
is  an  enzyme  that  belongs  to  the  serine/threonine  protein  kinase 
family  and  functions  as  a  positive  mediator  of  apoptosis. 
Overproduction  of  DAPK2  protein  has  been  shown  to  induce  cell 
apoptosis.  It  is  highly  expected  that  the  immunogenicity  of  fourth 
generation  RITs  will  be  minimized,  but  studies  are  still  very 
limited  and  the  therapeutic  efficacy  needs  to  be  determined. 

Summary 

Reviewing  various  clinical  and  preclinical  studies,  there  is  no 
doubt  that  RITs  are  one  of  the  most  promising  methods  for  cancer 
therapy.  At  present,  limited  penetration  capability  into  solid  tumors 
and  immunogenecity  represent  the  two  major  barriers  or  challenges 
for  RIT  therapy  of  human  solid  tumors.  Others  such  as  vascular 
leak  syndrome  and  hepatotoxicity  are  observed  as  dose-limiting 
side  effects  in  some  patients,  but  both  are  relatively  rare  (69,  70). 
Vascular  leak  syndrome  is  characterized  by  increased  vascular 
permeability  accompanied  by  extravasation  of  fluids  and  proteins, 
resulting  in  interstitial  edema  and  organ  failure.  Although  the 
pathogenesis  of  vascular  damage  is  poorly  understood,  RITs  is 
considered  to  bind  with  endothelium  to  induce  a  direct  toxic  effect 
or  activate  leukocytes  to  induce  inflammatory  cascades  and  disrupt 
endothelial  cell  integrity  of  normal  blood  vessels.  Hepatotoxicity  is 
a  common  side  effect  for  PE-based  RITs,  presumably  attributed  to 
TNF -alpha  release  of  Kupffer  cells  following  binding  with  PE 
(71).  Optimizing  the  inherent  relationship  between  amino  acid 
sequence,  structure,  and  function  will  be  at  the  heart  of  further 
optimized  engineering  of  the  antibody  fragment  moiety,  while  full 
humanization  of  the  RITs  will  be  a  key  for  elimination  of  the 
immunogenic  ity . 
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1.  Introduction 

The  emerging  field  of  nanomedicine  utilizes  nanomaterials  to  im¬ 
prove  diagnosis,  prevention  and  treatment  of  diseases  (Duncan  and 
Caspar,  201 1 ).  According  to  the  Nanotechnology  Characterization  Labo¬ 
ratory  (NCL)  at  the  National  Cancer  Institute,  National  Institutes  of 
Health  nanoparticles  (NPs)  have  a  size  range  between  1  and  100  nm 
(McNeil,  2005).  Nanomaterials  have  at  least  one  dimension  in  the 
range  of  sub-nanometer  to  10  nm.  Small  molecules  and  certain 
naturally  occurring  biological  materials  are  not  usually  referred  to  as 
nanomaterials,  even  though  they  may  be  in  the  range  of  1  to  100  nm. 
Research  on  manmade  nanomaterials  and  engineered  nanomaterials 
in  the  1  to  100  nm  range  has  gathered  momentum  because  of  their 
potential  for  a  diverse  array  of  applications  in  science,  technology  and 
medicine  (Webster,  2006).  Some  examples  of  nanomaterials  include  li¬ 
posomes,  dendrimers,  carbon  nanorods,  carbon  nanotubes,  fullerenes, 
graphene  derivatives,  titanium  oxides,  gadolinium  nitride  nanowires, 
silver  NPs,  gold  NPs,  platinum  NPs,  magnetic  NPs  and  quantum  dots 
(Duncan  and  Caspar,  2011;  Mahajan  et  al,  in  press;  Singh  and  Sahoo, 
in  press;  Wong  et  al„  in  press). 

When  a  solid  is  split,  it  exposes  two  new  surfaces;  with  every  subse¬ 
quent  cut,  newer  surfaces  emerge.  As  any  material  is  broken  down  to 
very  small  particles,  the  surface  area  per  unit  mass  increases  dramatical¬ 
ly.  Nanomaterials  are  characterized  by  a  relatively  large  surface  area  per 
unit  mass.  Since  the  surface  area  of  a  solid  depends  on  its  shape,  e.g.  a 
sphere  has  the  smallest  surface  area  per  unit  mass,  the  surface  area  of 
nanomaterials  depends  on  the  size  as  well  as  shape.  Changes  in  size  or 
shape  of  nanomaterials  can  affect  their  physicochemical  and  physiolog¬ 
ical  properties. 

The  physiological  interactions  in  the  body  influenced  by  the 
biodistribution,  passage,  phagocytosis  and  endocytosis  of  nanomaterials 
through  tissues  may  differ  from  those  of  conventional  medicines  (Gref 
et  al,  1994).  In  order  to  realize  the  full  potential  of  nanomedicines,  it 
is  necessary  to  develop  robust  standards  for  characterizing  the 
engineered/fabricated  nanomaterials,  for  example,  to  provide  a  guid¬ 
ance  for  ensuring  quality  control  and  assessing  the  safety  as  well  as  tox¬ 
icity  of  nanomaterials  (Pleus,  2012).  Characteristics  such  as  molecular 
structure,  chemical  composition,  melting  point,  boiling  point,  vapor 
pressure,  flash  point,  pH,  solubility,  and  water  octanol  partition  coeffi¬ 
cient  have  to  be  determined  for  nanomaterials  in  the  same  manner  as 
they  are  for  larger  non-nanomaterials.  In  addition,  nanomaterial  charac¬ 
terization  places  special  emphasis  on  parameters  such  as  size/size 
distribution,  porosity  (pore  size),  surface  area,  shape,  wettability,  zeta 
potential,  adsorption  isotherm  (adsorption  potential),  aggregation, 
distribution  of  conjugated  moieties  and  impurities. 

At  present  there  are  no  U.S.  Food  and  Drug  Administration  (FDA) 
guidelines  developed  specifically  for  nanomaterial  based  formulations 
for  diagnostic  or  therapeutic  use.  However,  the  agency  has  issued  two 
product-specific  draft  guidance  documents  to  address  the  utilization  of 
nanotechnology  in  the  food  and  cosmetics  industries  (http://www.fda. 
gov/ScienceResearch/SpecialTopics/Nanotechnology/ucm301 093.htm). 
This  can  be  a  stepping  stone  towards  detection  or  characterization  of 
nanomaterials,  although  currently  there  are  no  standardized  methodolo¬ 
gies  or  regulatory  protocols.  Still,  the  NCL,  serving  as  “a  national  resource 
and  knowledge  base"  to  assist  the  regulatory  review  of  nanotechnologies 
and  the  development  and  translation  of  nanoparticles  and  devices 
for  clinical  applications,  characterizes  the  physicochemical  properties, 
in  vitro  biological  properties  and  in  vivo  compatibility  of  nanoparticles 
(http://ncl.cancer.gov/about_mission.asp).  The  assay  cascade  protocols 


at  the  NCL  include  a  number  of  methods  to  investigate  nanomaterials' 
characteristics,  such  as  size,  molecular  weight,  aggregation,  purity, 
chemical  composition  and  surface  properties.  The  NCL  protocols  also  in¬ 
clude  methods  for  determining  sterility,  drug  release  and  toxicity  in  vitro, 
and  efficacy,  disposition  and  immunotoxicity  in  vivo  (http://ncl.cancer. 
gov/working_assay-cascade.asp).  Similarly,  the  European  Union  has 
formed  the  unit  of  Registration,  Evaluation,  Authorization  and  Restriction 
of  Chemicals,  by  which  nanomaterials  are  regulated. 

Many  methods  have  been  used  for  evaluating  manufactured 
nanomaterials,  including  techniques  in  optical  spectroscopy,  electron 
microscopy,  surface  scanning,  light  scattering,  circular  dichroism,  mag¬ 
netic  resonance,  mass  spectrometry,  X-ray  scattering  and  spectroscopy, 
and  zeta-potential  measurements,  as  well  as  methods  in  the  categories 
of  thermal  techniques,  centrifugation,  chromatography,  and  electropho¬ 
resis  (Sapsford  et  al.,  201 1 ).  In  this  review  article,  we  briefly  describe  the 
principles,  applications,  strengths  and  limitations  of  a  variety  of  modal¬ 
ities  commonly  used  to  investigate  the  physicochemical  characteristics 
of  nanomaterials  (Table  1 ). 

2.  Overview  of  physicochemical  characteristics 

Typically,  engineered  materials  with  dimensions  in  the  nanometer 
scale  are  intermediates  between  isolated  small  molecules  and  bulk  ma¬ 
terials.  Nanomaterials,  which  are  similar  to  biological  moieties  in  scale, 
can  be  used  as  diagnostic  and  therapeutic  nanomedicines  (Del  Burgo 
et  al.,  in  press;  Hachani  et  al.,  2013;  Kim  et  al.,  2010).  Compared  to 
their  bulk  material  counterparts,  the  distinct  physicochemical  proper¬ 
ties  of  the  nanomaterials,  such  as  size,  surface  properties,  shape,  compo¬ 
sition,  molecular  weight,  identity,  purity,  stability  and  solubility,  are 
critically  relevant  to  particular  physiological  interactions  (Table  2) 
(Patri  et  al.,  2006).  These  physiological  interactions  may  provide  bene¬ 
fits  in  medical  applications,  including  improvements  in  efficacy,  reduc¬ 
tion  of  side  effects,  prevention  and  treatment  (Farokhzad  and  Langer, 
2006;  Hall  et  al.,  2007). 

Impact  of  nanomaterials  on  their  physiological  behaviors  will 
influence  the  therapeutic  efficacy  and/or  diagnostic  accuracy  of 
nanomedicines.  In  this  context,  it  is  important  to  understand  how  the 
different  physicochemical  characteristics  of  nanomaterials  affect  their 
in  vivo  distribution  and  behavior.  This  demands  reliable  and  robust 
techniques  for  studying  the  different  physicochemical  characteristics 
of  nanomaterials  in  general  and  nanomedicines  in  particular.  The  differ¬ 
ent  techniques  used  for  characterization  of  nanomaterials,  based  on 
their  different  features,  are  described  in  the  following  sections.  A  rigor¬ 
ous  but  practical  approach  to  reliable  characterization  of  nanomaterials 
is  essential  for  quality  assurance  and  safe,  rational  development  of 
nanomedicines  and  theranostics  (Akhter  et  al.,  2013;  Kim  et  al.,  2013). 

2.1.  Size 

In  engineered  nanomaterials,  size  is  a  crucial  factor  that  regulates 
the  circulation  and  navigation  of  nanomaterials  in  the  bloodstream, 
penetration  across  the  physiological  drug  barriers,  site-  and  cell- 
specific  localization  and  even  induction  of  cellular  responses  (Feng, 
2004;  Ferrari,  2008;  Jiang  et  al.,  2008).  In  general,  the  size  of  a  nonspher- 
ical  nanomaterial  is  defined  as  an  equivalent  diameter  of  a  spherical 
particle  whose  selected  physical  properties,  e.g.  diffusivity,  are  equiva¬ 
lent  to  those  of  the  nanomaterial  in  the  same  environment  (Powers 
et  al.,  2006;  Shekunov  et  al.,  2007).  One  frequently  adopted  example  is 
the  hydrodynamic  diameter  of  a  molecule,  which  is  the  effective  size 
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calculated  from  the  diffusion  coefficient  using  the  Stokes-Einstein 
relationship  (Powers  et  al„  2006). 

Lately  there  has  been  public  and  government  concern  about  the  tox¬ 
icity  of  nanomaterials  and  their  related  adverse  health  effects,  such  as 
pronounced  pulmonary  inflammation  (Horvath  et  al„  2013;  Karlsson 
et  al„  2009;  Oberdorster,  2005).  Other  examples  include  the  smaller 
silver  NPs  causing  a  greater  apoptotic  effect  against  certain  cell  lines 
and  20  nm  silica  NPs  exhibiting  more  toxicity  than  negatively-charged 
100  nm  silica  NPs  (Kim  et  al„  2012;  Park  et  al„  2013;  Sosenkova  and 
Egorova,  2011).  Although  NPs  with  certain  chemical  compositions 
were  reported  to  be  more  toxic  compared  to  their  larger  counterparts 
of  the  same  composition,  a  consensus  on  the  increased  toxicity  and 
putative  health  risks  of  nanomaterials  may  not  emerge  due  to  the  lack 
of  obvious  size-related  change  in  toxicity  in  other  NPs,  e.g.  titanium 
oxide  and  iron  oxides  (Buzea  et  al.,  2007;  Horvath  et  al„  2013; 
Karlsson  et  al.,  2009;  Park  et  al.,  2007;  Warheit  et  al.,  2006).  The  rela¬ 
tionship  of  size  and/or  shape  to  nanoparticle  toxicity  or  nanomedicine 
efficacy  has  to  be  investigated  on  a  case  by  case  basis,  because  of  the 
wide  differences  in  the  behavior  of  different  nanomaterials. 

2.2.  Surface  properties 

Many  characteristics  of  nanomaterial  interfaces  are  functions  of 
atomic  or  molecular  compositions  of  the  surfaces  and  the  physical 
surface  structures  that  respond  to  the  interactions  of  the  nanomaterial 
with  surrounding  species  (Patri  et  al.,  2006;  Powers  et  al.,  2006).  From 
the  aspect  of  nanomedicine,  these  characteristics  are  considered  the  el¬ 
ements  of  surface  properties  in  the  environment  of  biological  fluid 
(Patri  et  al.,  2006;  Powers  et  al.,  2006).  Among  the  different  surface 
properties,  surface  composition,  surface  energy,  wettability,  surface 
charge  and  species  absorbance  or  adhesion  are  commonly  considered 
important  parameters  (Brodbeck  et  al.,  2001 ;  Patri  et  al.,  2006;  Powers 
et  al.,  2006;  Ratner  et  al.,  2004;  Vertegel  et  al.,  2004).  Surface  composi¬ 
tion  is  intrinsically  relevant  to  the  superficial  layers  but  not  to  the  bulk 
materials.  Surface  energy  is  relevant  to  the  dissolution,  aggregation 
and  accumulation  of  nanomaterial.  Surface  charge,  with  potential  effect 
on  receptor  binding  and  physiological  barrier  penetration,  governs  the 
dispersion  stability  or  aggregation  of  nanomaterials  and  is  generally 
estimated  by  zeta  potential.  Finally,  species  absorbance  or  adhesion  po¬ 
tentially  alters  the  surface  of  nanomaterial  as  well  as  the  conformation 
and  the  activity  of  the  attached  species.  However,  investigation  of  the 
entire  spectrum  of  surface  parameters  is  impractical,  and  prioritization 
of  the  surface  parameters  requires  independent  validation  for  each 
nanomaterial  system  (Powers  et  al.,  2006;  Ratner  et  al.,  2004). 

Recent  studies  have  shown  improvement  of  cellular  and  lysosome  up¬ 
takes  of  positively-charged  nanomaterials,  compared  with  their  neutral 
or  negatively-charged  counterparts  (Asati  et  al„  2010;  Baoum  et  al., 
2010;  Klesing  et  al.,  2010;  Liu  et  al.,  2011;  Luyts  et  al„  2013).  The  en¬ 
hanced  uptake  of  positively-charged  NPs  makes  them  attractive  as  agents 
for  tumor  drug  delivery:  poly(D,L-lactide-co-glycolide)-formulated  NPs 
with  cationic  chitosan  are  useful  for  localized,  sustained  gene  delivery 
to  the  alveolar  epithelium  (Baoum  et  al.,  2010).  However,  positively- 
charged  nanomaterials  can  be  more  toxic  than  their  negatively-charged 
counterparts.  The  positively-charged  amino-modified  polystyrene- 
formulated  NPs  were  cytotoxic  to  certain  cell  lines  by  inducing  DNA  dam¬ 
age  (Liu  et  al.,  2011).  Positively-charged  branched  polyethyleneimine 
coated  Ag  NPs  were  highly  toxic  to  certain  bacillus  species  in  which  the 
NPs  caused  membrane  damage  (El  Badawy  et  al.,  2010).  Cytotoxicity  of 
positively-charged  Si  NP-NH2  towards  macrophage  NR8383  cells  in¬ 
volved  effects  on  phagocytosis,  mitochondrial  disruption  and  the  produc¬ 
tion  of  high  levels  of  intracellular  reactive  oxygen  species  (Bhattacharjee 
et  al.,  2010).  In  contrast,  the  effects  of  surface  charge  on  cytotoxicity  and 
reactive  oxygen  species  generation  were  enhanced  in  the  negatively- 
charged  silica  NPs  of  20  nm  in  size,  compared  with  those  induced  by  silica 
NPs  of  the  same  size,  but  weaker  negative  charge  (Park  et  al.,  2013).  Al¬ 
though  the  connection  between  increased  cellular  uptake  of  positively- 


charged  NPs  and  elevated  cytotoxicity  was  typically  demonstrated  in 
in  vitro  studies,  in  vivo  evidence  is  less  convincing  (Luyts  et  al.,  2013). 
The  relation  between  surface  charge/zeta  potential  and  NP  toxicity 
cannot  be  generalized  (Luyts  et  al„  2013). 

2.3.  Shape 

In  addition  to  size  and  surface  properties,  the  shape  of  nanomaterial 
can  play  an  important  role  in  drug  delivery,  degradation,  transport, 
targeting  and  internalization  (Champion  et  al.,  2007;  Decuzzi  et  al., 
2009;  Euliss  et  al.,  2006;  Geng  et  al.,  2007;  Gratton  et  al.,  2008;  Jiang 
et  al.,  2013;  Mitragotri,  2009).  Efficiency  of  drug  delivery  carriers  was 
highly  influenced  by  controlling  the  shapes  of  the  carriers  (Champion 
et  al.,  2007;  Decuzzi  et  al.,  2009),  while  phagocytosis  of  drug  delivery 
carriers  through  macrophages  was  also  dependent  on  carrier  shape 
(Champion  and  Mitragotri,  2009).  Furthermore,  flow  and  adhesion  of 
drug  delivery  carriers  throughout  the  circulatory  system  and  the 
in  vivo  circulation  time  of  the  nanomedicine  can  be  controlled  by 
modulating  the  shapes  of  drug-loaded  nanomaterials  (Doshi  et  al., 
2010;  Geng  et  al.,  2007). 

The  shape  of  nanomaterial  affects  cellular  uptake,  biocompatibility 
and  retention  in  tissues  and  organs  (George  et  al.,  2012;  Pal  et  al., 
2007).  Additionally,  the  disposition  and  translocation  of  nanomaterials 
in  the  organism  may  be  influenced  by  their  shape,  accompanying  size 
and  state  of  agglomeration  (Powers  et  al.,  2009).  One  example  is  an 
in  vitro  study  of  silica  NPs  demonstrating  shape-driven  agglomeration 
as  a  potential  trigger  in  the  pulmonary  pathogenesis  (Brown  et  al., 
2007).  Another  example  is  the  higher  toxicity  of  dendrimer-shaped 
nickel  NPs  compared  to  that  of  the  spherical  ones  towards  zebrafish  em¬ 
bryos  (Ispas  et  al.,  2009).  Similarly,  plate-shaped  silver  NPs  were  more 
hazardous  than  spherical,  rod-shaped  or  wire  shaped  silver  nanoparti¬ 
cles  when  tested  against  Escherichia  coli  and  zebrafish  embiyos 
(George  et  al.,  2012;  Pal  et  al.,  2007).  Furthermore,  recent  studies  dem¬ 
onstrated  an  asbestos-like  pathogenic  response  when  carbon  nanotubes 
of  length  greater  than  20  pm  were  delivered  into  the  abdominal  cavity 
of  mice  (Kostarelos,  2008;  Poland  et  al.,  2008;  Powers  et  al.,  2009; 
Takagi  et  al.,  2008). 

2.4.  Composition  and  purity 

A  broad  variety  of  nanomaterials  are  utilized  in  the  production  of  ap¬ 
proved  or  potential  nanomedicines.  These  nanomaterials  can  be  catego¬ 
rized  by  their  structural  types,  such  as  NP  and  its  derivatives,  liposome, 
micelle,  dendrimer/fleximer,  virosome,  emulsion,  quantum  dot,  fuller- 
ene,  carbon  nanotube  and  hydrogel,  and  each  type  may  consist  of  poly¬ 
mers,  metals  and  metal  oxides,  lipids,  proteins,  DNA  or  other  organic 
compounds  (Etheridge  et  al.,  2013;  Patri  et  al.,  2006).  Composition  of 
a  nanomaterial  affects  transport,  delivery  and  biodistribution.  In  bio¬ 
medical  applications  of  nanomaterials,  there  may  be  a  need  to  combine 
two  or  more  types  of  nanomaterials  to  form  a  complex  such  as  a  chelate, 
a  conjugant  or  a  capsule.  Consequently  chemical  composition  analysis 
of  the  nanomaterial  complex  is  more  complicated  than  that  for  a  single 
entity  (Patri  et  al.,  2006). 

There  are  several  studies  addressing  toxicological  concerns  about 
NPs  of  different  compositions  (Hardman,  2006).  In  addition  to  size  and 
shape,  chemical  composition  is  another  important  factor  in  determining 
toxicity  of  NPs  (Buzea  et  al.,  2007;  Hardman,  2006).  For  example,  Ti02 
induced  an  inflammatory  neutrophil  response  when  intratracheally 
instilled  in  rat  and  mouse  lungs  (Oberdorster,  2005;  Sohaebuddin 
et  al.,  2010).  In  addition,  cytotoxicity  is  generally  observed  in  quantum 
dots  with  core  metalloid  complexes  consisting  of  widely  used  metals 
such  as  cadmium  and  selenium  (Hardman,  2006).  Still,  quantum  dots 
can  be  rendered  nontoxic,  when  core  coatings  are  appropriately  regis¬ 
tered;  alternatively,  the  cytotoxicity  of  quantum  dots  was  only  observed 
after  degradation  of  their  core  coating  in  vivo  or  in  vitro  (Buzea  et  al., 
2007;  Derfus  et  al.,  2003;  Hardman,  2006). 
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Table  1 

Analytical  modalities  for  evaluation  of  the  physicochemical  characteristics  of  nanomaterials. 


Techniques  Physicochemical  Strengths 

characteristics  analyzed 


Dynamic  light 
scattering  (DLS) 


Fluorescence  correlation 
spectroscopy  (FCS) 


Zeta  potential 


Flydrodynamic  size 
distribution 


Hydrodynamic  dimension 
Binding  kinetics 


Stability 

Referring  to  surface 
charge 


Non-destructive/invasive  manner 
Rapid  and  more  reproducible 
measurement 

Measures  in  any  liquid  media, 
solvent  of  interest 
Hydrodynamic  sizes  accurately 
determined  for  monodisperse 
samples 

Modest  cost  of  apparatus 
High  spatial  and  temporal  resolution 
Low  sample  consumption 
Specificity  for  fluorescent  probes 
Method  for  studying  chemical  kinetics, 
molecular  diffusion,  concentration 
effect,  and  conformation  dynamics 
Simultaneous  measurement  of  many 
particles  (using  ELS) 


Raman  scattering  (RS) 
Surface  enhanced  Raman 
(SERS) 

Tip-enhanced  Raman 
spectroscopy  (TERS) 


Near-field  scanning  optical 
microscopy  (NSOM) 


Circular  dichroism  (CD) 


Hydrodynamic  size  and 
size  distribution  (indirect 
analysis) 

Conformation  change  of 
protein-metallic  NP 
conjugate 

Structural,  chemical  and 
electronic  properties 

Size  and  shape  of 
nanomaterials 


Structure  and 
conformational 
change  of  biomolecules 
(e.g.  protein  and  DNA) 
Thermal  stability 


Complementary  data  to  1R 
No  requirement  of  sample 
preparation 

Potential  of  detecting  tissue 
abnormality 

Enhanced  RS  signal  (SERS) 

Increased  spatial  resolution  (SERS) 
Topological  information  of 
nanomaterials  (SERS,  TERS) 
Simultaneous  fluorescence  and 
spectroscopy  measurement 
Nano-scaled  surface  analysis  at 
ambient  conditions 
Assessment  of  chemical  information 
and  interactions  at  nano-scaled 
resolution 

Nondestructive  and  prompt 
technique 


Mass  spectroscopy  (MS) 


Infrared  spectroscopy  (IR) 
Attenuated  total  reflection 
Fourier  transform  infrared 
(ATR-FTIR) 


Scanning  electron 
microscopy 
(SEM) 

Environmental  SEM 


(ESEM) 


Molecular  weight 
Composition 
Structure 
Surface  properties 
(secondary  ion  MS) 
Structure  and  conformation 
of  bioconjugate 
Surface  properties 
(ATR-FTIR) 


Size  and  size  distribution 
Shape 

Aggregation 

Dispersion 


High  accuracy  and  precision  in 
measurement 

High  sensitivity  to  detection  (a  very 
small  amount  of  sample  required) 

Fast  and  inexpensive  measurement 
Minimal  or  no  sample  preparation 
requirement  (ATR-FTIR) 

Improving  reproducibility  (ATR-FTIR) 
Independence  of  sample  thickness 
(ATR-FTIR) 

Direct  measurement  of  the  size/size 

distribution  and  shape  of 

nanomaterials 

High  resolution 

(down  to  sub-nanometer) 

Images  of  biomolecules  in  natural 
state  provided  using  ESEM 


Transmission  electron 
microscopy  (TEM) 


Size  and  size  distribution  Direct  measurement  of  the 

Shape  heterogeneity  size/size  distribution  and  shape 

Aggregation  of  nanomaterials  with  higher 

Dispersion  spatial  resolution  than  SEM 

Several  analytical  methods  coupled 
with  TEM  for  investigation  of 
electronic  structure  and  chemical 
composition  of  nanomaterials 


Limitations 


Insensitive  correlation  of  size 
fractions  with  a  specific  composition 
Influence  of  small  numbers  of  large 
particles 

Limit  in  polydisperse  sample 
measures 

Limited  size  resolution 
Assumption  of  spherical  shape 
samples 

Limit  in  fluorophore  species 
Limited  applications  and  inaccuracy 
due  to  lack  of  appropriate  models 


Electro-osmotic  effect 

Lack  of  precise  and  repeatable 

measurement 

Relatively  weak  single  compared 
to  Rayleigh  scattering 
Limited  spatial  resolution 
(only  to  micrometers) 

Extremely  small  cross  section 
Interference  of  fluorescence 
Irreproducible  measurement  (SERS) 


Long  scanning  time 
Small  specimen  area  analyzed 
Incident  light  intensity  insufficient 
to  excite  weak  fluorescent  molecules 
Difficulty  in  imaging  soft  materials 
Analysis  limited  to  the  nanomaterial 
surface 

Non-specificity  of  residues  involved 
in  conformational  change 
Less  sensitive  than  absorption 
methods 

Weak  CD  signal  for  non-chiral 
chromophores 

Challenging  for  analysis  of  molecules 
containing  multiple  chiral 
chromophores 
Expensive  equipment 
Lack  of  complete  databases  for 
identification  of  molecular  species 
Limited  application  to  date  in  studying 
nanomaterial-bioconj  ugates 
Complicated  sample  preparation  (IR) 
Interference  and  strong  absorbance 
of  H20  (IR) 

Relatively  low  sensitivity  in 
nanoscale  analysis 

Conducting  sample  or  coating 
conductive  materials  required 
Dry  samples  required 
Sample  analysis  in  non-physiological 
conditions  (except  ESEM) 

Biased  statistics  of  size  distribution 
in  heterogeneous  samples 
Expensive  equipment 
Cryogenic  method  required  for 
most  NP-bioconjugates 
Reduced  resolution  in  ESEM 
Ultrathin  samples  in  required 
Samples  in  nonphysiological 
condition 

Sample  damage/alternation 
Poor  sampling 
Expensive  equipment 


Refs 


Brar  and  Verma  (2011);  Domingos 
et  al.  (2009);  Filipe  et  al.  (2010); 
Murdock  et  al.  (2008);  Pan  et  al. 
(2013);  Sapsford  et  al.  (2011); 
Schacher  et  al.  (2009);  Wagner 
et  al.  (2007);  Zhao  et  al.  (2013) 


Boukari  and  Sackett  (2008); 
Domingos  et  al.  (2009);  Jing  and 
Zhu(2011);  Nienhaus  etal.  (2013); 
Sapsford  et  al.  (2011) 


Choi  et  al.  (201 1 );  Clogston  and 
Patri  (2011);  Khatun  et  al.  (2012); 
Sapsford  et  al.  (2011);  Weiner 
et  al.  (1993);  Xu  (2008) 

Kumar  (2012);  Popovic  et  al. 
(2011);  Chang  etal.  (2012); 
Kattumenu  etal.  (2012);  Kneipp 
et  al.  (2010);  Kumar  and  Thomas 
(2011 );  Mannelli  and  Marco 
(2010);  Braun  etal.  (2009);  Lin  and 
Chang  (2007);  Lucas  and  Riedo 
(2012);  Sinjab  et  al.  (2012); 

Xiao  et  al.  (2010) 

Cuche  et  al.  (2009);  Kohli  and 
Mittal  (2011);  Lin  et  al.  (2012); 
Lucas  and  Riedo  (2012);  Pan  et  al. 
(2013);  Park  et  al.  (2008);  Vancso 
et  al.  (2005) 


Caminade  et  al.  (2005);  Ghosh  et  al. 
(2007);  Huang  et  al.  (2013b);  Jiang 
et  al.  (2004);  Knoppe  et  al.  (2010); 
Kobayashi  et  al.  (2011);  Liu  and 
Webster  (2007);  Ranjbar  and  Gill 
(2009);  Ratnikova  etal.  (2011); 
Sapsford  et  al.  (2011);  Shang  et  al. 
(2007) 

Gmoshinski  et  al.  (2013);  Knoppe 
et  al.  (2010);  Lavigne  et  al.  (2013); 
Sapsford  et  al.  (2011);  Tang  etal. 
(2010); Tiede etal.  (2008) 

Gun'ko  et  al.  (2009);  Johal  (2011); 
Kane  et  al.  (2009);  Kazarian  and 
Chan  (2006);  Liu  and  Webster 
(2007);  Zak etal.  (2011); 

Zhao  etal.  (2008) 

Bernier  et  al.  (2012);  Boguslavsky 
et  al.  (2011);  Bootz  et  al.  (2004); 
Hall  et  al.  (2007);  Jin  et  al.  (2010); 
Johal  (2011);  Ratner  etal.  (2004); 
Sapsford  et  al.  (2011);  Tiede  et  al. 
(2008) 


Cuche  et  al.  (2009);  Domingos  et  al. 
(2009);  Dominguez-Medina  et  al. 
(2012);  Hall  et  al.  (2007);  Khatun 
etal.  (2012);  Pan  etal.  (2013);  Patri 
et  al.  (2006);  Schacher  et  al. 

(2009);  Tiede  etal.  (2008);  Wagner 
et  al.  (2007);  Wang  (2001); 
Williams  and  Carter  (2009) 
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Techniques 

Physicochemical 
characteristics  analyzed 

Strengths 

Limitations 

Refs 

Scanning  tunneling 

Size  and  size  distribution 

Direct  measurement 

Conductive  surface  required 

Fleming  et  al.  (2009);  Kocum  et  al. 

microscopy  (STM) 

Shape 

Structure 

Dispersion 

Aggregation 

High  spatial  resolution  at 
atomic  scale 

Surface  electronic  structure  and 
surface  topography  unnecessarily 
having  a  simple  connection 

(2004);  Nakaya  etal.  (2011); 

Ong  et  al.  (2013);  Overgaag  et  al. 
(2008);  Wang  and  Chu  (2013) 

Atomic  force 

Size  and  size  distribution 

3D  sample  surface  mapping 

Overestimation  of  lateral  dimensions 

Domingos  et  al.  (2009); 

microscopy  (AFM) 

Shape 

Structure 

Sorption 

Dispersion 

Aggregation 

Surface  properties 
(modified  AFM) 

Sub-nanoscaled  topographic 
resolution 

Direct  measurement  of  samples 
in  dry,  aqueous  or  ambient 
environment 

Poor  sampling  and  time  consuming 
Analysis  in  general  limited  to  the 
exterior  of  nanomaterials 

Gmoshinski  et  al.  (2013); 
Mavrocordatos  et  al.  (2004); 

Parot  et  al.  (2007);  Sapsford  et  al. 
(2011);  Schaefer  et  al.  (2012); 

Tang  et  al.  (2010);  Tiede  et  al. 

(2008);  Yang  et  al.  (2005) 

Nuclear  magnetic 

Size  (indirect  analysis) 

Non-destructive/non-invasive 

Low  sensitivity 

Lundqvist  et  al.  (2005);  Mullen 

resonance  (NMR) 

Structure 

Composition 

Purity 

Conformational  change 

method 

Little  sample  preparation 

Time  consuming 

Relatively  large  amount  of 
sample  required 

Only  certain  nuclei  NMR 
active 

etal.  (2010);  Pan  etal.  (2006); 

Patri  et  al.  (2006);  Tomalia  et  al. 
(2003);  Valentini  et  al.  (2004) 

Gun'ko  et  al.  (2009);  Mirau  et  al. 
(2011);  Sapsford  et  al.  (2011); 

Tang  et  al.  (2010) 

X-ray  diffraction  (XRD) 

Size,  shape  and  structure 
for  crystalline  materials 

Well-established  technique 

High  spatial  resolution  at 
atomic  scale 

Limited  applications  in 
crystalline  materials 

Only  single  conformation/binding 
state  of  sample  accessible 

Low  intensity  compared  to 
electron  diffraction 

Caminade  et  al.  (2005);  Cao 
(2004);  Gun’ko  et  al.  (2009); 

Sapsford  et  al.  (2011);  Zak  et  al. 
(2011);  Zanchet  et  al.  ( 2001 ) ;  Zhao 
et  al.  (2008);  Zhou  et  al.  (2012) 

Small-angle  X-ray 
scattering  (SAXS) 

Size/size  distribution 

Shape 

Structure 

Non-destructive  method 

Simplification  of  sample  preparation 
Amorphous  materials  and  sample  in 
solution  accessible 

Relatively  low  resolution 

Doniach  (2001 );  Grosso  et  al. 

(2011);  Hummer  et  al.  (2012); 

Rao  and  Biswas  (2009); 

Sapsford  et  al.  (201 1 ) 

The  presence  of  pharmaceutical  impurities  may  significantly  impact 
drug  efficacy  or  even  introduce  unfavorable  side  effects.  In  general,  de¬ 
termination  of  nanomaterial  purity  can  be  accomplished  through 


analysis  of  their  chemical  compositions.  Prior  to  finalizing  a 
nanomaterial's  formulation  and  proceeding  with  the  composition  anal¬ 
ysis,  proper  purification  processes  are  required  to  remove  any  residual 
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Physicochemical  characteristics  of  nanomaterials  and  suitable  evaluation  modalities. 


Nanomaterial  characteristics  Techniques 


Refs 


Size/size  distribution 


Surface  charge 
Shape 


Structure 


Composition 

Purity 

Stability 

Dispersion 

Surface  properties 


Protein  corona 
(thickness  and  density)3 
Protein  corona 
(composition  and  quantify)3 
Protein  corona  (conformation)3 
Protein  corona 
(affinity)3 


DLS,  FCS,  RS,  NSOM,  SEM,  TEM,  STM,  AFM,  NMR, 
TOF-MS,  XRD,  SAXS,  FS,  UV-visible,  AUC,  GE,  CE,  FFF 


Zeta  potential  (ELS),  ATR-FTIR,  GE,  CE 
NSOM,  SEM,  TEM,  STM,  AFM,  XRD,  SAXS,  AUC 


TERS,  CD,  MS,  IR,  STM,  AFM,  RS,  NMR,  XRD, 
SAXS,  FS,  DSC,  AUC 


MS,  NMR 

MS,  NMR,  HPLC,  HDC 

Zeta  potential  measurement,  CD,  TGA,  DSC,  ITC, 
thermophoresis,  HPLC,  HDC 
ESEM,  TEM,  STM,  AFM 

CD  coupled  with  an  enzyme-linked  immunosorbent 
assay,  time-of-flight  secondary  ion  MS,  ATR-FTIR, 
modified  AFM,  X-ray  photoelectron  spectroscopy 
DLS,  FCS,  TEM,  size  exclusion  chromatography, 
differential  centrifugal  sedimentation 
Polyacrylamide  GE,  LC-MS/MS 

CD,  simulation 

Size  exclusion  chromatography,  SPR,  ITC 


Biju  et  al.  (2010b);  Bootz  et  al.  (2004);  Braun  et  al.  (2009); 

Caminade  etal.  (2005);  Domingos  etal.  (2009);  Hall  et  al.  (2007); 

Hurst  et  al.  (2006);  Jiang  et  al.  (2004);  Mavrocordatos  et  al.  (2004); 

Murdock  et  al.  (2008);  Nienhaus  etal.  (2013);  Pan  et  al.  (2013); 

Powers  et  al.  (2006);  Rao  and  Biswas  (2009);  Sapsford  et  al.  (2011); 

Schacher  et  al.  (2009);  Valentini  et  al.  (2004);  Wang  and  Chu  (2013);  Zanchet  et  al.  (2001) 
Choi  et  al.  (2011);  Liu  and  Webster  (2007);  Sapsford  et  al.  (2011);  Xu  (2008) 

Bootz  et  al.  (2004);  Caminade  et  al.  (2005);  Hall  et  al.  (2007); 

Mavrocordatos  et  al.  (2004);  Rao  and  Biswas  (2009);  Sapsford  etal.  (2011); 

Wang  and  Chu  (2013);  Zanchet  etal.  (2001) 

Bothun  (2008);  Caminade  et  al.  (2005);  Gmoshinski  et  al.  (2013); 

Grosso  etal.  (2011);  Gun'ko  etal.  (2009);  Mavrocordatos  etal.  (2004); 

Mirau  et  al.  (2011);  Mullen  et  al.  (2010);  Ong  et  al.  (2013);  Popovic  etal.  (2011); 

Rao  and  Biswas  (2009);  Sapsford  etal.  (2011);  Tomalia  etal.  (2003); 

Wang  and  Chu  (2013);  Zanchet  et  al.  (2001 ) 

Gmoshinski  et  al.  (2013);  Mullen  et  al.  (2010);  Tomalia  et  al.  (2003) 

Liu  et  al.  (2012);  Mullen  et  al.  (2010);  Patri  et  al.  (2006);  Sapsford  etal.  (2011); 

Tang  et  al.  (2010);  Tomalia  et  al.  (2003) 

Bothun  (2008);  das  Neves  et  al.  (2010);  Gugulothu  and  Patravale  (in  press); 

Khatun  et  al.  (2012);  Patri  et  al.  (2006);  Sapsford  et  al.  (2011) 

Bernier  et  al.  (2012);  Bootz  et  al.  (2004);  Hall  et  al.  (2007);  Mavrocordatos  et  al.  (2004); 
Sapsford  etal.  (2011);  Wang  and  Chu  (2013) 

Baer  (2012);  Fujie  et  al.  (2009);  Guay-Begin  et  al.  (2011);  Liu  and  Webster  (2007); 

Yang  and  Watts  (2005) 

(Milani  et  al.  (2012);  Nienhaus  et  al.  (2013);  Rahman  et  al.  (2013); 

Rocker  et  al.  (2009);  Walczyk  et  al.  (2010) 

(Cedervall  et  al.  Q2007;  Kapralov  et  al.  (2012);  Milani  et  al.  (2012); 

Monopoli  et  al.  (2011);  Rahman  etal.  (2013);  Sacchetti  etal.  (2013) 

Gebaueretal.  (2012);  Laera  etal.  (2011);  Rahman  et  al.  (2013) 

Casals  et  al.  (2010);  Cedervall  et  al.  (2007);  Liu  et  al.  (2013);  Rahman  et  al.  (2013); 

Tassa  et  al.  (2009);  Zhao  et  al.  (2013) 


3  Courtesy  of  Rahman  et  al.  (2013). 
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manufacturing  components  or  side  products  to  ensure  the  absence  of 
endotoxin  contamination  (Crist  et  al.,  2013). 

2.5.  Stability 

Pharmaceutical  stability  refers  to  retaining  the  same  properties 
for  a  period  of  time  after  the  pharmaceutical  is  manufactured.  Similar 
to  conventional  single-molecule  pharmaceuticals,  the  stability  of 
nanomedicines  may  be  affected  by  one  or  more  factors,  such  as  temper¬ 
ature,  moisture,  solvents,  pH,  particle/molecular  size,  exposure  to  differ¬ 
ent  types  of  ionizing  and  non-ionizing  radiation,  enzymatic  degradation 
and  even  the  presence  of  other  excipients  and  impurities  (Briscoe  and 
Hage,  2009;  Patri  et  al.,  2006).  The  stability  of  nanomaterial  may  impact 
its  corresponding  toxicity;  for  instance,  a  number  of  studies  have  shown 
that  quantum  dot  cytotoxicity  might  be  induced  during  synthesis,  stor¬ 
age  or  even  in  vivo  by  oxidative  or  photolytic  degradation  of  quantum 
dots  (Hardman,  2006). 

2.6.  Interaction  between  nanomaterials  and  biological  environments 

When  nanomaterials  are  introduced  into  biological  environments  or 
integrated  in  biomaterials,  many  undesirable  effects  such  as  aggrega¬ 
tion,  coagulation  and  non-specific  absorption  can  occur.  These  may  be 
due  to  a  variety  of  intermolecular  interactions  occurring  at  the  interfaces 
of  nanomaterials  with  biomolecules  and  interaction-mediating  fluids 
(Nel  et  al.,  2009).  While  the  surface  properties  of  nanomaterials  in  a 
given  medium  are  characterized  by  their  physicochemical  properties, 
including  chemical  composition,  shape,  surface  geometry  and  crystallin¬ 
ity,  porosity,  heterogeneity  and  hydrolytic  stability,  other  properties, 
such  as  surface  charge,  dissolution,  hydration,  size  distribution,  disper¬ 
sion  stability,  agglomeration  and  aggregation  of  nanomaterial,  are 
mainly  governed  by  ionic  strength,  pH,  temperature  and  the  presence 
of  biological  or  organic  macromolecules  (French  et  al.,  2009;  Hull  and 
Bowman,  2009;  Nel  et  al.,  2009;  Oberdorster  et  al.,  2005).  Thus,  appro¬ 
priate  physicochemical  characterization  of  nanomaterials  should  be  pro¬ 
filed  based  on  different  physical  states  of  the  nanomaterials,  such  as 
solution,  suspension  or  diy  powder,  as  well  as  before  and  after  exposure 
to  the  in  vitro  or  in  vivo  test  environment  (Hull  and  Bowman,  2009). 

Techniques  for  determining  the  shelf  life  of  nanomaterial  formula¬ 
tions  are  essential  before  considering  the  manufacture  and  use  of 
nanomedicines.  For  example,  it  is  important  to  guard  against  degrada¬ 
tion  of  the  nanomaterials  caused  by  moisture,  oxidation  and/or  aggrega¬ 
tion.  In  this  respect,  the  different  characterization  techniques  will  be 
useful  for  quality  assurance. 

3.  Modalities  for  physicochemical  characterization 

Characterization  of  conventional  pharmaceuticals  and  nanomedicines 
is  based  on  the  evaluation  of  physicochemical  properties  such  as  molecu¬ 
lar  weight,  identity,  composition,  purity,  stability  and  solubility.  Many 
techniques  that  are  routinely  applied  for  characterization  of  conventional 
pharmaceuticals  can  also  be  used  for  characterization  of  nanomedicines 
(Patri  et  al.,  2006).  Yet,  several  specific  characteristics  of  nanomaterials 
such  as  size,  surface  composition,  surface  energy,  surface  charge  and 
shape  are  critically  important  and  need  to  be  well  investigated  to  better 
comprehend  nanomaterials'  behaviors  in  vivo.  Addressed  below  are 
brief  descriptions  of  modalities  used  to  examine  the  specific  physico¬ 
chemical  properties  of  nanomaterials,  and  their  main  strengths  and 
limitations  for  nanomaterial  investigation. 

3.1.  Near-field  scanning  optical  microscopy  (NSOM) 

The  far-field  imaging  resolution  of  a  conventional  optical  microscope 
is  limited  by  the  diffraction  phenomenon  of  illuminating  light,  which  is 
specified  by  the  Rayleigh  criterion  (Hartschuh,  2008;  Heinzelmann 
and  Pohl,  1994).  While  visible  light  is  used  in  conventional  optical 


microscopes,  any  two  point  sources  cannot  be  resolved  if  they  are  spa¬ 
tially  separated  by  less  than  approximately  200  nm  (Heinzelmann  and 
Pohl,  1994).  Therefore,  optical  microscopy  is  not  suitable  for  nanostruc¬ 
ture  investigation.  NSOM  is  a  surface  probe  microscopy  (SPM)  technique 
that  comprises  concepts  from  both  SPM  and  optical  microscopy  to  sur¬ 
pass  the  far-field  resolution  limit  (Durig  et  al.,  1986;  Hayazawa  et  al., 
2012).  Instead  of  equipping  an  objective  lens,  essential  in  a  conventional 
microscope,  NSOM  permits  laser  light  guided  in  optical  fiber  to  emit 
through  the  tip  aperture  at  close  proximity  to  the  object  (Durig  et  al., 
1986;  Hayazawa  et  al.,  2012).  While  the  aperture  radius  is  smaller 
than  the  light  wavelength,  the  light  emerging  from  the  aperture  be¬ 
comes  evanescent  in  the  near-field  distance  to  the  object,  meaning 
that  light  field  is  highly  confined  and  localized  at  the  aperture  or  at  the 
object;  therefore,  the  spatial  resolution  becomes  a  function  of  the  aper¬ 
ture  size,  not  the  diffraction  limit  (Hayazawa  et  al„  2012;  Heinzelmann 
and  Pohl,  1994). 

Given  the  advantages  of  an  ensemble  of  fluorescence  and  spectros¬ 
copy  measurements,  plus  high-resolution  topographic  information  on 
the  surface  of  nanomaterials,  NSOM  can  access  not  only  phase  contrast, 
polarization,  fluorescence  and  staining  that  are  accessible  by  conven¬ 
tional  optical  microscopy,  but  also  the  distribution  of  single  molecules 
on  the  surfaces  of  cells  and  interactions  in  protein-NP  conjugates  at 
nano-scaled  spatial  resolution  (Hinterdorfer  et  al.,  2012;  Ianoul  and 
Johnston,  2007;  Park  et  al.,  2008;  Song  et  al.,  2011;  Vancso  et  al„ 
2005).  Some  tradeoffs  of  implementing  NSOM  include  lengthy  scanning 
time  for  high  resolution  images  or  large  specimen  area,  low  incident 
light  intensity  hindering  excitation  of  weak  fluorescent  molecules, 
difficulty  in  imaging  soft  materials  caused  by  the  high  spring  constants 
of  the  optical  fibers,  particularly  in  shear-force  mode,  and  the  ability  to 
only  image  surface  features  (Kohli  and  Mittal,  2011). 

3.2.  Scanning  electron  microscopy  (SEM) 

In  contrast  to  optical  microscopy,  which  uses  light  sources  and  glass 
lenses  to  illuminate  specimens  to  produce  magnified  images,  electron 
microscopy  (EM)  uses  beams  of  accelerated  electrons  and  electrostatic 
or  electromagnetic  lenses  to  generate  images  of  much  higher  resolution, 
based  on  the  much  shorter  wavelengths  of  electrons  than  visible  light 
photons.  SEM  is  a  surface  imaging  method  in  which  the  incident 
electron  beam  scans  across  the  sample  surface  and  interacts  with  the 
sample  to  generate  signals  reflecting  the  atomic  composition  and  topo¬ 
graphic  detail  of  the  specimen  surface  (Hall  et  al.,  2007;  Johal,  2011; 
Ratner  et  al.,  2004).  The  incident  electrons  cause  emissions  of  elastic 
scattering  of  electrons,  referring  to  backscattered  electrons,  inelastic 
scattering  of  electrons  named  low-energy  secondary  electrons,  and 
characteristic  X-ray  light  called  cathodoluminescence  from  the  atoms 
on  the  sample  surface  or  near-surface  material  (Johal,  2011).  Among 
these  emissions,  detection  of  the  secondary  electrons  is  the  most  com¬ 
mon  mode  in  SEM  and  can  achieve  resolution  smaller  than  1  nm 
(Johal,  2011). 

The  size,  size  distribution  and  shape  of  nanomaterials  can  be  directly 
acquired  from  SEM;  however,  the  process  of  drying  and  contrasting 
samples  may  cause  shrinkage  of  the  specimen  and  alter  the  characteris¬ 
tics  of  the  nanomaterials  (Bootz  et  al„  2004;  Hall  et  al.,  2007).  In  addi¬ 
tion,  while  scanned  by  an  electron  beam,  many  biomolecule  samples 
that  are  nonconductive  specimens  tend  to  acquire  charge  and  insuffi¬ 
ciently  deflect  the  electron  beam,  leading  to  imaging  faults  or  artifacts. 
Coating  an  ultrathin  layer  of  electrically  conducting  material  onto  the 
biomolecules  is  often  required  for  this  sample  preparation  procedure 
(Hall  et  al.,  2007;  Suzuki,  2002).  Because  a  ciyogenic  freezing  method 
is  often  required  in  EM  to  image  surface  groups  attached  to  NPs,  the 
size  of  nanomaterial  cannot  be  investigated  in  physiological  conditions 
(Hall  et  al.,  2007).  An  exception  is  environmental  SEM  (ESEM),  through 
which  samples  can  be  imaged  in  their  natural  state  without  modifica¬ 
tion  or  preparation  (Sapsford  et  al.,  2011;  Tiede  et  al.,  2008).  Because 
the  sample  chamber  of  ESEM  is  operated  in  a  low-pressure  gaseous 
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environment  of  10-50  Torr  and  high  humidity,  the  charging  artifacts 
can  be  eliminated,  and  coating  samples  with  a  conductive  material  is 
no  longer  necessary  (Tiede  et  al.,  2008).  Still,  most  of  the  EM  techniques, 
including  SEM,  possess  the  disadvantage  of  a  destructive  sample  prepa¬ 
ration,  prohibiting  its  analysis  by  other  modalities  (Gmoshinski  et  al„ 
2013).  In  addition,  biased  statistics  of  size-distribution  of  heterogeneous 
samples  is  unavoidable  in  SEM  due  to  the  small  number  of  sample 
particles  in  the  scanning  region  (Bootz  et  al.,  2004). 

3.3.  Transmission  electron  microscopy  (TEM) 

As  the  most  frequently  used  technique  for  characterizing  nano¬ 
materials  in  EM,  TEM  provides  direct  images  and  chemical  information 
of  nanomaterials  at  a  spatial  resolution  down  to  the  level  of  atomic  di¬ 
mensions  (<1  nm)  (Patri  et  al.,  2006;  Wang,  2001).  In  the  conventional 
TEM  mode,  an  incident  electron  beam  is  transmitted  through  a  very  thin 
foil  specimen,  during  which  the  incident  electrons  interacting  with 
specimen  are  transformed  to  unscattered  electrons,  elastically  scattered 
electrons  or  inelastically  scattered  electrons  (Williams  and  Carter, 
2009).  The  magnification  of  TEM  is  mainly  determined  by  the  ratio  of 
the  distance  between  objective  lens  and  the  specimen  and  the  distance 
between  objective  lens  and  its  image  plane  (Williams  and  Carter,  2009). 
The  scattered  or  unscattered  electrons  are  focused  by  a  series  of  electro¬ 
magnetic  lenses  and  then  projected  on  a  screen  to  generate  an  electron 
diffraction,  amplitude-contrast  image,  a  phase-contrast  image  or  a  shad¬ 
ow  image  of  varying  darkness  according  to  the  density  of  unscattered 
electrons  (Williams  and  Carter,  2009). 

In  addition  to  the  high  spatial  resolution  of  TEM  that  enhances  the 
morphological  and  structural  analyses  of  nanomaterials,  a  wide  variety 
of  analytical  techniques  can  be  coupled  with  TEM  for  different  applica¬ 
tions;  for  example,  chemical  analyses  of  electron  energy  loss  spectros¬ 
copy  and  energy  dispersive  X-ray  spectroscopy  can  quantitatively 
investigate  the  electronic  structure  and  chemical  composition  of  the 
nanomaterials,  respectively  (Patri  et  al„  2006;  Tiede  et  al.,  2008; 
Wang,  2001).  Overall,  both  TEM  and  SEM  can  reveal  the  size  and 
shape  heterogeneity  of  nanomaterials,  as  well  as  the  degrees  of  aggrega¬ 
tion  and  dispersion.  TEM  has  advantages  over  SEM  in  providing  better 
spatial  resolution  and  capability  for  additional  analytical  measurements 
(Hall  et  al.,  2007).  There  are  certain  drawbacks  accompanying  the 
advantages  of  TEM  (Williams  and  Carter,  2009).  A  significant  tradeoff 
is  that  a  high  vacuum  and  thin  sample  section  are  required  for 
electron-beam  penetration  in  TEM  measurement  (Hall  et  al.,  2007). 
Sample  destruction  and  measurement  in  unnatural/non-physiological 
conditions  are  common  to  all  EM  techniques.  In  general,  high- 
resolution  EM  imaging  enables  examination  of  a  minute  part  of  the 
specimen  over  a  certain  period  of  time  and  results  in  poor  statistical 
sampling.  Also,  abundant  artifacts  are  generated  due  to  3D  specimens 
being  probed  by  the  2D  TEM  technique  in  transmission  view,  leading 
to  no  depth  sensitivity  for  a  single  TEM  image.  Another  limitation  is 
that  specimens  have  to  be  thin  enough  to  transmit  sufficient  electrons 
to  produce  images;  in  particular  cases,  the  specimen  thickness  of  less 
than  50  nm  is  required  while  doing  high-resolution  TEM  or  electron 
spectroscopy.  The  extensive  preparation  of  thin  specimens  increases 
the  possibility  of  altering  sample's  structure  and  makes  TEM  analysis  a 
very  time  consuming  process.  Another  big  concern  is  that  TEM 
specimens  can  be  damaged  or  even  destroyed  by  intense,  high-voltage 
electron  beams. 

Interestingly,  wet  TEM  can  be  used  for  determining  the  particle  size, 
dispersion,  aggregation/agglomeration  and  dynamic  displacement  of 
nanomaterials  in  an  aqueous  environment  (Carlton  and  Ferreira, 
2012;  Chen  and  Wen,  2012;  Hondow  et  al.,  2012).  In  addition  to 
adapting  the  function  of  ESEM  for  observing  samples  under  partial 
water  vapor  pressure  in  the  microscope  specimen  chamber,  a  recently 
developed  wet  scanning  transmission  electron  microscopy  (STEM)  im¬ 
aging  system  enables  transmission  observation  of  species  totally  sub¬ 
merged  in  a  liquid  phase,  compared  with  the  issues  of  poor  contrast 
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and  possible  drifting  of  objects  occurring  in  the  images  of  the  top  surface 
of  the  liquid  using  ESEM  (Bogner  et  al.,  2005;  Ponce  et  al.,  2012).  Thus, 
the  wet  mode  STEM  permits  observation  in  nanoscale  resolution  and 
high  contrast  even  through  several  micrometers  of  water,  without 
adding  contrast  agents  and  stains  (Bogner  et  al„  2005;  de  Jonge  and 
Ross,  2011). 

3.4.  Scanning  tunneling  microscopy  (STM) 

As  the  earliest  developed  technique  in  the  SPM  family,  STM  uses 
quantum  tunneling  current  to  generate  electron  density  images  for  con¬ 
ductive  or  semiconductive  surfaces  and  biomolecules  attached  on  con¬ 
ductive  substrates  at  the  atomic  scale  (Albrecht  et  al.,  1988;  Avouris, 
1990;  Binnig  and  Rohrer,  1983;  Miles  et  al.,  1990).  Adapting  the  generic 
principle  for  all  SPM  techniques,  i.e.  bringing  a  susceptible  probe  in  close 
proximity  to  the  surface  of  an  object  measured  to  monitor  the  reactions 
of  the  probe  (Chi  and  Rothig,  2001 ),  the  essential  components  of  an  STM 
include  a  sharp  scanning  tip,  an  xyz-piezo  scanner  controlling  the  lateral 
and  vertical  movement  of  the  tip,  a  coarse  control  unit  positioning  the 
tip  close  to  the  sample  within  the  tunneling  range,  a  vibration  isolation 
stage  and  feedback  regulation  electronics  (Wiesendanger,  1994).  As  the 
tip-sample  separation  is  maintained  in  the  range  of  4-7  A,  a  small  volt¬ 
age  applied  between  the  scanning  tip  and  the  surface  causes  tunneling 
of  electrons  by  which  variation  of  the  responding  current  can  be  record¬ 
ed  while  the  tip  moves  across  the  sample  in  the  x-y  plane  to  generate  a 
map  of  charge  density  (Bonnell,  2001).  Alternatively,  keeping  the 
responding  current  unchanged  by  adjusting  the  tip  height  through  the 
use  of  feedback  electronics  can  generate  an  image  of  tip  topography 
across  the  sample  (Bonnell,  2001). 

As  for  characterization  of  biomolecules  using  STM  or  EM  techniques, 
the  samples  are  usually  embedded  into  a  matrix  to  preserve  their  orig¬ 
inal  conformations,  followed  by  coating  the  samples  with  a  thin  metallic 
layer,  such  as  gold,  before  acquiring  images  (Kocum  et  al.,  2004).  It  is 
impossible  to  image  these  biomolecules  in  their  native  conditions 
using  conventional  EM  techniques  that  usually  accompany  a  time- 
consuming  sample  preparation  procedure.  STM,  on  the  other  hand, 
can  not  only  diminish  the  disadvantages  of  the  EM  techniques  but  also 
provide  an  image  with  atomic  scale  resolution  by,  for  example,  using  a 
Pt-Ir  tip  with  a  very  sharp  end  (Kocum  et  al.,  2004).  Although  the 
high  spatial  resolution  of  STM  should  benefit  the  characterization  of 
nanoscale  biomaterials  such  as  size,  shape,  structure,  and  states  of  dis¬ 
persion  and  aggregation,  only  few  studies  using  gold  or  carbon  as  sub¬ 
strates  have  been  reported  (Wang  and  Chu,  2013).  The  practical 
obstacles  are  mainly  due  to  requirements  of  the  conductive  surface  of 
the  sample  and  detection  of  the  surface  electronic  structure  (Wang 
and  Chu,  2013).  Unfortunately,  most  biomaterials  are  insulating,  and  a 
simple  connection  of  the  sample's  surface  electronic  structure  with  its 
surface  topography  may  not  necessarily  exist.  Still,  STM  is  a  preferred 
tool  for  investigating  conductive  atomic  structures  of,  for  example, 
carbon  nanotubes,  fullerenes  and  graphene  (Wang  and  Chu,  2013). 

3.5.  Atomic  force  microscopy  (AFM) 

Unlike  STM,  AFM  does  not  require  oxide-free,  electrically  conductive 
surfaces  for  measurement  and  is  a  SPM  imaging  tool  consisting  of  a 
micro-machined  cantilever  (typically  made  of  silicon  or  silicon  nitride) 
with  a  sharp  tip  at  one  end  to  detect  the  deflection  of  the  cantilever 
tip  caused  by  electrostatic  and  van  der  Waals  repulsion,  as  well  as  at¬ 
traction  between  atoms  at  the  tip  and  on  the  measured  surface 
(Gadegaard,  2006;  Hansma  et  al.,  1988;  Marti  et  al.,  1988;  Ratner 
et  al.,  2004).  The  oscillating  cantilever  then  scans  over  the  surface  of 
specimen  to  generate  an  image  with  a  vertical  resolution  of  around 
0.5  nm  (Tiede  et  al.,  2008;  Zhu  et  al.,  2011).  Like  SEM  and  TEM  tech¬ 
niques,  AFM  can  be  used  for  investigating  the  size,  shape,  structure, 
sorption,  dispersion  and  aggregation  of  nanomaterials  —  the  different 
scanning  modes  employed  in  AFM  studies  include  noncontact  mode 
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(also  called  static  mode),  contact  mode  and  intermittent  sample  contact 
mode  (also  called  dynamic  mode  and  tapping  mode)  (Hinterdorfer 
et  al.,  2012;  Mavrocordatos  et  al.,  2004;  Picas  et  al.,  2012;  Sapsford 
et  al.,  2011;  Song  et  al.,  2011).  In  addition  to  probing  the  sizes  and 
shapes  of  nanomaterials  under  physiological  conditions,  AFM  is  capable 
of  characterizing  dynamics  between  nanomaterials  in  biological  situa¬ 
tions,  such  as  observing  the  interaction  of  nanomaterials  with  support¬ 
ed  lipid  bilayers  in  real  time,  which  is  not  achievable  with  current  EM 
techniques  (Patri  et  al.,  2006). 

AFM  is  gaining  importance  due  to  its  capability  for  imaging  biomate¬ 
rials  without  causing  appreciable  damage  to  many  types  of  native 
surfaces  (Parot  et  al.,  2007;  Yang  et  al.,  2005).  The  main  strength  of 
AFM  is  its  capability  to  image  a  variety  of  biomaterials  at  the  sub¬ 
nanometer  scale  in  aqueous  fluids  (Parot  et  al.,  2007).  However,  a 
major  drawback  is  that  the  size  of  the  cantilever  tip  is  generally  larger 
than  the  dimensions  of  the  nanomaterials  examined,  leading  to  unfa¬ 
vorable  overestimation  of  the  lateral  dimensions  of  the  samples 
(Gmoshinski  et  al.,  2013;  Tiede  et  al.,  2008).  Unlike  fluorescence  tech¬ 
niques,  AFM  lacks  the  capability  of  detecting  or  locating  specific  mole¬ 
cules;  however,  this  disadvantage  has  been  eliminated  by  recent 
progress  in  single-molecule  force  spectroscopy  with  an  AFM  cantilever 
tip  carrying  a  ligand,  a  cell  adhesion  molecule  or  chemical  groups, 
which  can  probe  or  detect  single  functional  molecules  on  cell  surfaces 
(Dufrene  and  Garcia-Parajo,  2012;  Francius  et  al.,  2008). 

3.6.  Dynamic  light  scattering  (DLS) 

Several  physicochemical  characteristics  of  nanomaterials  including 
hydrodynamic  size,  shape,  structure,  aggregation  state,  and  biomolecu- 
lar  conformation  can  be  explored  using  radiation  scattering  techniques 
(Inagaki  et  al.,  2013;  Sapsford  et  al.,  2011 ).  DLS,  one  of  the  most  popular 
light  scattering  modalities,  can  probe  the  size  distribution  of  small  par¬ 
ticles,  molecules  or  polymers  at  the  scale  from  submicron  down  to  one 
nanometer  in  solution  or  suspension  using  a  monochromatic  light 
source,  e.g.  a  laser  (Patri  et  al.,  2006;  Sapsford  et  al.,  2011).  The  principle 
of  DLS  is  to  monitor  the  temporal  fluctuation  of  the  elastic  scattering  in¬ 
tensity  of  light,  i.e.,  Rayleigh  scattering,  induced  from  the  Brownian  mo¬ 
tion  of  the  particles/molecules  of  a  size  much  smaller  than  the  incident 
light  wavelength,  at  a  fixed  scattering  angle  (Brar  and  Verma,  2011; 
Sapsford  et  al.,  201 1 ).  The  intensity  fluctuation  trace  comprises  a  mix¬ 
ture  of  the  constructive  and  destructive  interferences  of  the  scattered 
light,  through  which  the  particle  size  can  be  derived  from  analysis  of 
the  motion-dependent  autocorrelation  function  using  the  Stokes- 
Einstein  equation  (Brar  and  Verma,  2011;  Pons  et  al.,  2006b;  Sapsford 
et  al.,  2011). 

For  physicochemical  characterization  of  nanomaterials,  the  main 
strengths  of  DLS  include  its  noninvasive  manner,  short  experiment  du¬ 
ration  (in  minutes),  accuracy  in  determining  the  hydrodynamic  size  of 
monodisperse  samples,  and  capabilities  of  measuring  diluted  samples, 
analyzing  samples  in  a  wide  range  of  concentrations  and  detecting 
small  amounts  of  higher  molecular  weight  species,  along  with  lower  ap¬ 
paratus  costs  and  more  reproducible  measurement  than  other  methods 
(Brar  and  Verma,  2011;  Filipe  et  al„  2010;  Lim  et  al„  2013).  However, 
the  functions  of  DLS  are  impacted  by  several  disadvantages,  such  as 
difficulty  in  correlating  size  fractions  with  a  particular  composition 
when  certain  amounts  of  aggregates  are  present,  dust  particles  interfer¬ 
ing  in  the  scattering  intensity,  and  a  relatively  small  range  of  particle  or 
molecule  size  (1  nm-3  pm),  although  the  scale  limitation  is  not  really  a 
pitfall  for  characterization  of  nanomaterials  (Bootz  et  al.,  2004;  Brar  and 
Verma,  2011;  Filipe  et  al.,  2010).  In  addition,  DLS  has  limited  utility  for 
analysis  of  samples  with  heterogeneous  size  distributions,  and  resolving 
the  dimensions  of  a  mixed  sample  population  vaiying  in  size  less  than  a 
factor  of  three;  moreover,  DLS  is  unsuited  to  accurately  measuring  the 
sizes  of  non-spherical  nanomaterials  because  spherical  nature  of  parti¬ 
cles  is  already  assumed  in  the  analysis  (Bootz  et  al.,  2004;  Brar  and 
Verma,  2011;  Filipe  et  al.,  2010;  Uskokovic,  2012). 


3.7.  Fluorescence  correlation  spectroscopy  (FCS) 

Similar  in  function  to  DLS,  which  detects  spontaneous  intensity  fluc¬ 
tuation  caused  by  molecular  diffusion,  aggregation  or  interaction  with 
respect  to  time,  FCS  can  yield  quantitative  information  such  as  diffusion 
coefficients,  hydrodynamic  radii,  average  concentrations  and  kinetic 
chemical  reaction  rates  through  autocorrelation  analysis  of  temporal 
fluorescent  variation  by  fitting  an  appropriate  model  (Krichevsky  and 
Bonnet,  2002;  Magde  et  al.,  1972;  Sapsford  et  al.,  2011;  Wu  et  al., 
2008).  Most  FCS  measurements  to  date  are  performed  in  an  optimum 
detection  volume  defined  by  a  diffraction-limited  spot  generated  by 
the  strongly  focused  light  in  confocal  microscopy  or  two-photon  excita¬ 
tion  microscopy  and  thus,  only  few  fluorophores  within  the  illuminated 
region  are  excited  to  restrain  a  small  number  of  molecules  and  a  high 
amplitude  of  correlation  function  (Krichevsky  and  Bonnet,  2002; 
Petryayeva  et  al.,  2013;  Schwille,  2001). 

Analysis  of  the  binding  kinetics  between  donor  and  receptor,  for  ex¬ 
ample,  between  nanoscale  vesicles  and  peptides  and  between  quantum 
dots  and  proteins,  can  be  approached  using  FCS  or  its  derivatives,  such 
as  a  dual-color  FCS  that  cross-correlates  data  from  two  different  fluores¬ 
cent  channels  simultaneously  (Boukari  and  Sackett,  2008;  Pons  et  al., 
2006a;  Rusu  et  al.,  2004;  Sapsford  et  al.,  2011).  One  significant  advan¬ 
tage  of  FCS  over  DLS  or  NMR  is  the  requirement  of  only  a  small  amount 
of  fluorescent  probe  particles  at  sub-  to  nanomolar  concentrations,  spe¬ 
cifically  monitoring  the  probe  particles  and  preventing  interfering  con¬ 
tribution  from  the  medium,  and  probing  nanomaterials'  dimensions  in  a 
range  of  nanometers  to  hundreds  of  nanometers  (Boukari  and  Sackett, 
2008).  However,  retaining  the  advantages  of  FCS  described  above  re¬ 
quires  selection  of  a  fluorophore  with  high  extinction  coefficient,  high 
quantum  yield,  low  singlet-to-triplet  state  transition  probability  and 
low  photobleaching  (Boukari  and  Sackett,  2008).  Moreover,  the  lack  of 
models  also  limits  the  application  and  accuracy  of  FCS.  A  recent  devel¬ 
opment  of  FCS-NSOM,  which  can  be  applied  for  examining  cell 
membranes,  uses  the  evanescent  axial  excitation  to  constrain  the  fluo¬ 
rescent  background  from  cytoplasm  components  in  order  to  achieve 
an  observation  area  in  an  order  of  magnitude  below  the  diffraction 
limit,  with  a  power  density  comparable  to  confocal  FCS.(  Francius  et  al., 
2008;  Vobornik  et  al.,  2008). 

3.8.  Raman  scattering  (RS) 

RS  is  a  widely-used  tool  for  structural  characterization  of 
nanomaterials  and  nanostructures  that  provides  submicron  spatial  res¬ 
olution  for  light-transparent  material  without  the  requirement  of  sam¬ 
ple  preparation,  making  it  suitable  for  in  situ  experiments  (Popovic 
et  al.,  2011).  The  principle  of  RS  is  to  measure  the  inelastic  scattering 
of  photons  possessing  different  frequencies  from  the  incident  light 
after  interacting  with  electric  dipoles  of  the  molecule  (Cantor  and 
Schimmel,  1980).  The  process  of  RS  results  in  frequency  differences  be¬ 
tween  the  incident  photons  and  the  inelastically  scattered  photons  as¬ 
sociated  with  the  characteristics  of  the  molecular  vibrational  states, 
during  which  the  inelastically  scattered  photons  emitting  frequencies 
lower  than  the  incident  photons  refer  to  the  Stokes  lines  in  Raman  spec¬ 
trum  and  the  inelastically  scattered  photons  emitting  frequencies 
higher  than  the  incident  photons  are  named  Anti-Stokes  lines  (Cantor 
and  Schimmel,  1980).  RS  is  generally  considered  to  be  complementary 
to  IR  spectroscopy,  i.e.,  vibrational  modes  that  are  Raman  active  should 
be  IR  inactive,  and  vice  versa,  for  small  symmetrical  molecules,  because 
Raman  transitions  result  from  nuclear  motion  modulating  the  polariz¬ 
ability  of  the  molecules,  rather  than  a  net  change  in  the  dipole  moment 
of  the  molecules  (Cantor  and  Schimmel,  1980). 

One  of  the  major  advantages  of  RS  is  that  it  is  suitable  for  studying 
biological  samples  in  aqueous  solution  because  water  molecules  tend 
to  be  weak  Raman  scatterers.  Furthermore,  the  detailed  molecular 
information  offered  by  RS  can  be  used  to  investigate  conformations 
and  concentrations  of  tissue  constituents,  which  demonstrates  the 
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potential  of  RS  for  detecting  tissue  abnormalities  (Kumar,  2012).  How¬ 
ever,  while  the  conventional  RS  technique  provides  indirect  characteri¬ 
zation  of  nanomaterials,  such  as  average  size  and  size  distribution 
through  analysis  of  the  spectral  line  broadening  and  shift,  it  lacks  the 
spatial  resolution  necessary  to  delineate  different  domains  for  applica¬ 
tion  in  nanotechnology  (Kattumenu  et  al„  2012;  Popovic  et  al.,  2011). 
Other  downsides  of  conventional  RS  include  interference  of  fluores¬ 
cence  and  extremely  small  cross  section,  demanding  intense  laser  exci¬ 
tation  and  a  large  amount  of  sample  materials  to  provide  sufficient  RS 
signals  (Chang  et  al.,  2012).  In  contrast,  implementation  of  surface  en¬ 
hanced  Raman  scattering  (SERS)  can  strongly  enhance  RS  signals  and 
increase  spatial  resolution  while  the  measured  biomolecules  are  ad¬ 
hered  to  the  surface  of  metallic  structures,  such  as  commonly  used 
gold  or  silver  NP  colloid  substrates  (Lee  et  al.,  2013a;  Lin  et  al„  2009; 
Wilson  and  Willets,  2013).  SERS  can  be  used  to  (i)  study  surface 
functionalization  of  metallic  NPs,  (ii)  monitor  the  conformational 
change  in  proteins  conjugated  to  the  metallic  NPs,  and  (iii)  track  intra¬ 
cellular  drug  release  from  the  nanoplatform  and  measurement  of  the  pH 
in  the  surrounding  medium  (Ando  et  al.,  2013;  Huang  et  al.,  2013a; 
Kneipp  et  al.,  2010;  Kumar  and  Thomas,  2011;  Mannelli  and  Marco, 
2010). 

By  adapting  the  concept  of  confining  the  light  field  in  Raman  near¬ 
field  scanning  optical  microscopy  to  overcome  diffraction-limited  reso¬ 
lution,  a  recently  emerging  technique,  tip-enhanced  Raman  spectrosco¬ 
py  (TERS),  utilizes  an  apertureless  metallic  tip  instead  of  an  optical  fiber 
to  gain  the  surface  enhancement  of  the  Raman  signals  (the  SERS  effect) 
(Ando  et  al.,  2013;  Hartschuh,  2008;  Hayazawa  et  al.,  2012;  Wang  and 
Irudayaraj,  2013).  In  contrast  to  conventional  RS,  SERS  and  TERS  provide 
topological  information  of  the  nanomaterials,  in  addition  to  their  struc¬ 
tural,  chemical  and  electronic  properties,  which  conventional  RS  pro¬ 
vides  (Lee  et  al.,  2013b;  Popovic  et  al.,  2011).  However,  the  lack  of 
measurement  reproducibility  in  SERS  caused  by  the  size  and  shape  var¬ 
iation,  as  well  as  undesirable  aggregation  of  NPs  is  an  obstacle  for  in  vitro 
or  in  vivo  imaging  applications  (Xiao  et  al.,  2010). 

3.9.  Circular  dichroism  (CD) 

Given  a  chiral  molecule  that  possesses  molecular  asymmetry,  CD  is 
used  to  characterize  the  structure  of  the  molecule  through  the  different 
absorptions  of  circularly  polarized  lights  in  left-handed  direction  and  in 
right-handed  direction  on  the  asymmetric  molecule  (Ranjbar  and  Gill, 
2009).  In  the  past  few  decades,  various  types  of  CD-based  techniques 
have  been  developed  to  improve  the  capability  of  assessing  conforma¬ 
tional  changes  in  proteins  and  nucleic  acids,  secondaiy  and  tertiary 
structures  of  proteins  and  their  thermal  stability,  and  donor-acceptor 
interactions,  e.g.  protein-protein,  protein-DNA,  protein-ligand  and 
DNA-ligand  interactions  (Jiang  et  al.,  2004;  Ranjbar  and  Gill,  2009; 
Sapsford  et  al.,  201 1 ;  Shang  et  al.,  2007).  In  addition,  the  conformational 
behavior  of  biomolecules  on  NPs,  the  structures  of  drug-delivery 
nanocarriers  and  the  interactions  of  nanocarriers  with  biomolecules 
have  been  investigated  using  CD  techniques  (Bhogale  et  al.,  2013; 
Caminade  et  al.,  2005;  Ghosh  et  al.,  2007;  Liu  and  Webster,  2007; 
Ranjbar  and  Gill,  2009). 

Although  conventional  CD  spectroscopy  is  a  prompt,  nondestructive 
tool  to  reveal  the  structure  and/or  conformational  change  of  the  biomol¬ 
ecule  investigated,  there  are  several  limitations  of  this  technique.  First, 
CD  cannot  manifest  the  actual  contribution  made  by  any  particular 
amino-acid  residue  in  a  protein-type  biomolecule  to  composing  a  CD 
spectrum  (Ranjbar  and  Gill,  2009).  Second,  CD  spectroscopy,  based  on 
differential  absorption  of  left  and  right  circularly  polarized  radiation,  is 
less  sensitive  than  absorption  spectroscopy  by  two  to  three  orders  of 
magnitude.  Third,  it  is  challenging  to  analyze  CD  spectra  acquired  in  a 
complex  of  a  chiral  compartment  adhering  to  a  chiral  receptor,  which 
is  very  common  in  biomacromolecules  and  nanomaterials.  And  finally, 
conventional  CD  measurement  exhibits  weak  spectra  if  the  sample  con¬ 
tains  only  non-chiral  chromophores.  Some  of  the  limitations  can  be 


eliminated  by  implementing  different  CD-based  techniques,  for  exam¬ 
ple,  fluorescence  detected  CD  to  enhance  sensitivity,  and  magnetic  CD 
to  detect  molecules  that  lack  a  chiral  center  (Kobayashi  et  al.,  2011; 
Tanaka  et  al.,  2005). 

A  number  of  CD-based  techniques  have  been  developed  to  improve 
biological  structure  measurements,  such  as  electronic  CD,  magnetic  CD 
(MCD),  fluorescence  detected  CD,  near-infrared  CD,  vibrational  CD 
(VCD),  HPLC-CD,  stopped-flow  CD  and  synchrotron  radiation  CD 
(Ranjbar  and  Gill,  2009).  Some  of  these  CD-based  methods  have  been 
used  to  investigate  nanomaterials  in  various  circumstances/situations 
(Burgi,  2011).  For  example,  the  local  characteristics  of  VCD  spectra  re¬ 
vealed  the  conformation  of  1,1 '-binaphthyl-2, 2'-dithiol  adhered  to 
gold  nanoclusters  (Gautier  and  Burgi,  2010).  Additionally,  MCD  spec¬ 
troscopy,  which  is  complementary  to  UV-vis  spectroscopy,  for  the 
gold(I)  complex  Au(AuPPh3)i+  in  a  solution  phase  yielded  higher  reso¬ 
lution  and  more  features,  compared  with  that  of  electronic  absorption 
(Yao  et  al.,  2012). 


3.10.  Infrared  (IR)  spectroscopy 

Typically,  a  molecule  may  absorb  IR  radiation  if  it  possesses  a  time- 
variant  dipole  moment  and  its  oscillating  frequency  is  the  same  as  the 
frequency  of  incident  IR  light  (Johal,  201 1 ).  The  absorption  of  IR  radia¬ 
tion  transfers  energy  to  the  molecule,  inducing  a  corresponding  cova¬ 
lent  bond  stretching,  bending  or  twisting,  which,  in  the  case  of  a 
normal  mode,  is  described  by  a  stationary  state  of  molecular  vibrational 
Hamiltonian  (Cantor  and  Schimmel,  1980).  Molecules  without  dipole 
moments,  e.g.  diatomic  molecules  N2  and  02,  do  not  absorb  IR  radiation 
(Johal,  201 1 ).  Generally  in  a  molecule,  the  vibrations  involve  various 
coupled  pairs  of  atoms  or  covalent  bonds,  each  of  which  must  be  consid¬ 
ered  as  a  combination  of  the  normal  modes;  therefore,  the  IR  spectrum, 
illustrating  absorption  or  transmission  versus  incident  IR  frequency,  can 
offer  a  fingerprint  of  the  structure  of  the  molecule  of  interest  (Cantor 
and  Schimmel,  1980). 

For  nanomaterial  applications,  Fourier  transform  infrared  (FTIR) 
spectroscopy  is  commonly  employed  to  use  the  expression  of  character¬ 
istic  spectral  bands  to  reveal  nanomaterial-biomolecule  conjugation, 
e.g.  proteins  bound  to  NP  surfaces,  and  to  illustrate  the  conformational 
states  of  the  bound  proteins  (Jiang  et  al.,  2004;  Perevedentseva  et  al., 
2010;  Shang  et  al.,  2007;  Tom  et  al.,  2006).  Furthermore,  FTIR  has  also 
been  extended  to  study  nano-scaled  materials,  such  as  confirmation 
of  functional  molecules  covalently  grafted  onto  carbon  nanotubes 
(Baudot  et  al.,  2010).  A  recently  developed  technique  called  attenuated 
total  reflection  (ATR)-FTIR  spectroscopy  uses  the  property  of  total  in¬ 
ternal  reflection  in  conjunction  with  IR  spectroscopy  to  probe  the  struc¬ 
ture  of  adsorbed/deposited  species  at  a  solid/air  or  solid/liquid  interface, 
while  avoiding  the  drawbacks  of  sample  preparation  complexity  and 
spectral  irreproducibility  in  conventional  IR  (Hind  et  al.,  2001;  Johal, 
2011).  In  an  ATR-FTIR  system,  the  total  internal  reflectance,  occurring 
within  the  equipped  internal  reflection  element  (IRE)  crystal,  which 
has  a  high  refractive  index  at  certain  angles,  forms  evanescent  waves 
that  extend  from  the  IRE  crystal-sample  interface  into  the  sample 
with  penetration  depth  of  micrometers  (0.5-5  pm),  and  the  intensity 
of  the  evanescent  waves  decays  exponentially  from  the  interface 
(Johal,  201 1 ).  ATR-FTIR  can  provide  IR  absorption  spectra  to  investigate, 
for  example,  changes  in  surface  properties  as  well  as  identification 
of  chemical  properties  on  the  polymer  surface  when  sample  on  the 
IRE-sample  interface  absorbs  the  evanescent  IR  waves  with  frequencies 
matching  the  vibrational  modes  of  the  sample  (Johal,  201 1 ;  Kazarian 
and  Chan,  2006;  Liu  and  Webster,  2007).  Although  ATR-FTIR  spec¬ 
troscopy  can  be  implemented  to  study  the  surface  features  of 
nanomaterials,  it  is  not  a  veiy  sensitive  surface-analysis  method  at 
nanometer  scale  because  the  penetration  depth  of  ATR-FTIR  has  the 
same  order  of  magnitude  as  the  incident  IR  wavelength  (Liu  and 
Webster,  2007). 


Please  cite  this  article  as:  Lin  P-C,  et  al,  Techniques  for  physicochemical  characterization  of  nanomaterials,  Biotechnol  Adv  (2013),  http:// 
dx.doi.org/1 0.1 01 6/j.biotechadv.201 3.1 1 .006 


ARTICLE  IN  PRESS 


1 0  P.-C.  Lin  et  al.  /  Biotechnology  Advances  xxx  (2013)  xxx-xxx 


3.11.  Nuclear  magnetic  resonance  (NMR) 

In  contrast  to  imaging  and  diffraction  techniques  affording  structural 
information  at  long-range  order,  i.e.  the  crystalline  property,  NMR  is 
sensitive  to  the  local  environment  to  resolve  the  structures  of  amor¬ 
phous  materials,  polymers  and  biomolecules  that  lack  long-range 
order  (Wang  et  al„  2001).  In  addition  to  evaluating  the  structures  and 
compositions  of  the  species,  NMR  spectroscopy  provides  tools  to  inves¬ 
tigate  dynamic  interactions  of  the  species  in  different  conditions 
(Sapsford  et  al.,  2011;  Tiede  et  al.,  2008)  —  the  relaxation,  molecular 
conformation  and  molecular  mobility  can  be  evaluated  through  differ¬ 
ent  dynamic  measurements  using  specifically  designed  rf  and/or 
gradient  pulse  sequences  (Wang  et  al.,  2001).  NMR  spectroscopy  has 
been  implemented  to  determine  several  physiochemical  characteristics 
of  nanomaterials,  including  structure,  purity  and  functionality  in 
dendrimers,  polymers  and  fullerene  derivatives,  as  well  as  conforma¬ 
tional  changes  occurring  in  the  interactions  between  ligands  and 
nanomaterials  (Lundqvist  et  al.,  2005;  Mullen  et  al.,  2010;  Pan  et  al., 
2006;  Patri  et  al„  2006;  Tomalia  et  al.,  2003).  Pulsed  field  gradient 
NMR  has  been  implemented  to  evaluate  the  diffusivity  of  nano¬ 
materials,  through  which  the  sizes  and  interactions  of  species  under  in¬ 
vestigation  can  be  calculated  (Valentini  et  al.,  2004). 

NMR  is  a  non-destructive/noninvasive  technique  that  requires  little 
sample  preparation.  However,  the  low  detection  sensitivity  of  NMR,  in 
contrast  to  optical  techniques,  requires  a  relatively  large  amount  of 
the  sample  for  measurement  (Sapsford  et  al.,  2011).  It  can  also  be 
time  consuming  if  a  certain  level  of  signal-to-noise  ratio  is  necessary 
for  spectral  analysis. 

Over  the  past  few  years,  the  method  using  magic  angle  spinning  for 
non-solid  materials  named  high-resolution  magic  angle  spinning  (HR- 
MAS)  NMR  has  been  widely  adapted  in  the  biological  and  biomedical 
fields  due  to  its  capability  of  generating  spectra  similar  to  high- 
resolution  NMR  for  investigating  tissues  and  cells  with  heterogeneous 
nature  ( Alam  and  Jenkins,  2012).  The  advantage  of  HR-MAS  NMR  for  ac¬ 
curate  characterization  of  the  surface-attached  ligands  and  modified 
surfaces  has  been  utilized  for  investigating  each  synthetic  step  of  the 
cyclo-peptide  immobilized  on  the  surface  of  poly(vinylidene  fluoride) 
based  NPs,  and  studying  thermolytically  produced  thiol-derivatized 
silver  clusters  (Alam  and  Jenkins,  2012;  Conte  et  al.,  2007;  Deshayes 
et  al.,  2010). 

3.12.  Mass  spectrometry  (MS) 

MS  is  one  of  the  major  analytical  techniques  used  to  examine  the 
mass,  elemental  composition  and  chemical  structure  of  a  particle  or 
a  molecule.  The  basic  principle  of  MS  is  to  distinguish  charged  particles 
with  different  masses  based  on  their  mass-to-charge  ratios  (McNaught 
and  Wilkinson,  1997).  MS  provides  a  high  degree  of  precision  and  accu¬ 
racy  for  molecular  weight  determination,  as  well  as  high  detection  sen¬ 
sitivity,  which  only  requires  10-9  to  10~21  mol  of  a  sample.  Several 
physicochemical  characteristics  of  nanomaterials,  including  mass,  com¬ 
position  and  structure,  can  be  depicted  using  various  MS  procedures, 
distinguished  by  their  ion  sources,  separation  methods  and  detector 
systems  (Gmoshinski  et  al.,  2013).  Among  the  ionization  techniques 
coupled  with  MS  analyzers,  matrix-assisted  laser  desorption/ionization 
(MALDI)  and  electrospray  ionization  (ESI)  are  commonly  used  to  ionize 
and  volatilize  the  thermally-labile  biomolecular  derivatives  instead  of 
introducing  significant  fragmentation  or  decomposition  of  the  mole¬ 
cules.  Inductively  coupled  plasma  (ICP)  ionization,  on  the  other  hand, 
is  mainly  implemented  in  the  analysis  of  metal-containing  nano¬ 
materials  (Gmoshinski  et  al.,  2013;  Tiede  et  al.,  2008).  Applications  of 
different  MS  procedures  for  nanomaterials  include  using  time  of  flight 
(TOF)-MS  to  determine  the  size/size  distribution  of  nanomaterials 
(Powers  et  al.,  2006),  MALDI-TOF-MS  to  measure  the  molecular 
weights  of  macromolecules,  polymers  and  dendrimers  as  well  as  to 
illustrate  proteins  binding  to  NPs  (Patri  et  al.,  2006;  Tom  et  al.,  2006), 


ICP-MS  to  validate  the  conjugation  reaction  of  a  functionalized  NP 
with  a  modified  contrast  agent  (Endres  et  al.,  2007),  and  secondary 
ion  MS  to  access  the  elemental  and  molecular  properties  of  the  top 
layer  of  NPs,  as  well  as  to  examine  biomaterial  surface  properties  in 
physiological  conditions  (Guo  et  al.,  2006;  Ratner  et  al.,  2004).  Although 
these  MS  techniques  have  been  applied  to  the  analysis  of  physicochem¬ 
ical  properties  of  various  biomolecules,  the  currently  incomplete 
MS  spectral  databases  still  cause  difficulty  in  identifying  molecular 
species,  for  example,  in  the  analysis  of  MALDI-TOF-MS  outcome 
measures  (Lavigne  et  al.,  2013).  Additionally,  the  applications  of  MS 
techniques  for  nanomaterials  to  date  are  constrained  in  nanomaterial- 
bioconjugate  characterization,  mainly  due  to  the  cost  of  instrumenta¬ 
tion,  sample  destruction  and  necessary  instruments  generally  supplied 
for  other  investigations  (Sapsford  et  al.,  2011 ). 

3.13.  Zeta  potential 

In  an  ionic  solution,  the  surface  of  a  charged  particle  is  firmly  bound 
to  opposite  charged  ions,  forming  a  thin  liquid  layer  named  the  Stern 
layer,  which  is  encompassed  by  an  outer  diffuse  layer  consisting  of 
loosely  associated  ions.  These  two  layers  compose  the  so-called  electri¬ 
cal  double  layer  (Clogston  and  Patri,  201 1 ).  Given  the  tangential  motion 
driven  by  an  external  force  or  Brownian  motion  of  the  charged  particle, 
the  movement  of  the  charged  particle  shears  ions  migrating  with  the 
charge  particle  in  the  diffuse  layer  from  ions  staying  with  the  bulk  dis¬ 
persant  outside  the  layer  (Clogston  and  Patri,  2011).  The  electric  poten¬ 
tial  on  the  shear  surface  is  called  zeta  potential,  which  is  usually 
determined  by  measuring  the  velocity  of  the  charged  species  towards 
the  electrode  in  the  presence  of  an  external  electric  field  across  the  sam¬ 
ple  solution  (Pons  et  al.,  2006b;  Sapsford  et  al.,  201 1 ).  The  zeta  potential 
with  a  value  of  ±  30  mV  is  generally  chosen  to  infer  particle  stability, 
through  which  the  absolute  value  greater  than  30  mV  indicates  a  stable 
condition,  whereas  a  low  zeta  potential  value  of  less  than  30  mV 
indicates  a  condition  towards  instability,  aggregation,  coagulation  or 
flocculation  (Sapsford  et  al„  2011). 

Among  the  methods  of  evaluating  zeta  potential,  the  technique  of 
electrophoretic  light  scattering  (ELS),  which  can  simultaneously  mea¬ 
sure  the  velocities  of  many  charged  particles  in  liquid,  is  most  commonly 
used  (Doane  et  al.,  201 1 ;  Xu,  2008).  However,  it  still  suffers  the  electro- 
osmotic  effect  that  reduces  precision  and  reproducibility  of  the  mea¬ 
surement  (Weiner  et  al.,  1993).  Although  measuring  the  zeta  potential 
of  suspended  particles  after  dilution  reduces  difficulty  of  light  penetra¬ 
tion  into  the  sample  solution,  it  is  worth  noting  that  zeta  potential  is  a 
property  sensitive  to  environmental  changes  including  pH  and  ionic 
strength  (Weiner  et  al.,  1993;  Xu,  2008).  Therefore,  a  precise,  repeatable 
zeta  potential  measurement  in  a  diluted  solution  cannot  reflect  the  true 
value  in  a  concentrated  suspension  (Xu,  2008). 

3.14.  X-ray  diffraction  (XRD) 

In  a  variety  of  X-ray  spectroscopic  modalities,  XRD  is  a  primary  tool 
for  completely  resolving  the  tertiary  structures  of  crystalline  materials 
at  the  atomic  scale  (Cantor  and  Schimmel,  1980;  Sapsford  et  al., 
201 1 ).  The  diffraction  of  X-ray  can  be  simply  described  as  the  reflection 
of  a  collimated  beam  of  X-rays  incident  on  the  crystalline  planes  of  an 
examined  specimen  according  to  Bragg's  law  (Cantor  and  Schimmel, 
1980).  Typically,  XRD,  based  on  wide-angle  elastic  scattering  of  X-rays, 
is  a  tool  for  characterizing  crystalline  size,  shape  and  lattice  distortion 
by  long-range  order,  but  is  limited  to  disordered  materials  (Caminade 
et  al.,  2005;  Sapsford  etal.,  2011;  Zanchet  et  al.,  2001). 

Although  XRD  is  a  well-established  technique  and  has  frequently 
been  used  to  determine  the  material  structure  at  the  atomic  scale,  diffi¬ 
culty  in  growing  crystals  and  the  ability  of  getting  results  only  from 
single  conformation/binding  state  of  the  sample  limit  the  applications 
of  XRD  technique  (Cao,  2004;  Sapsford  et  al.,  2011;  Zanchet  et  al., 
2001).  Another  disadvantage  of  XRD  is  the  low  intensity  of  diffracted 
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X-rays,  particularly  for  low  atomic  number  materials,  compared  with 
electron  diffractions  (Cao,  2004).  A  recent  X-ray  diffraction  study  re¬ 
ported  a  new  approach  using  femtosecond  pulses  from  a  hard-X-ray 
free-electron  laser  for  structure  determination,  which  may  benefit 
structure  determination  of  macromolecules  that  do  not  yield  sufficient 
crystal  size  for  using  conventional  radiation  sources  or  are  not  sensitive 
to  radiation  damage  (Chapman  et  al.,  2011). 

3. 1 5.  Small-angle  X-ray  scattering  ( SAXS ) 

In  contrast  to  XRD,  whose  applications  are  limited  to  crystalline  ma¬ 
terials,  SAXS  provides  information  of  several  characteristics  by  examin¬ 
ing  either  crystalline  or  amorphous  materials  from  polymers,  proteins 
to  nanomaterials  (Lipfert  and  Doniach,  2007;  Rao  and  Biswas,  2009; 
Sapsford  et  al,  2011).  In  SAXS,  a  portion  of  an  incident  X-ray  beam 
elastically  scattered  from  the  sample  forms  a  scattering  pattern  on  a 
two-dimensional  flat  X-ray  detector  perpendicular  to  the  direction  of 
the  incident  X-ray  beam  (Doniach,  2001;  Rao  and  Biswas,  2009; 
Sapsford  et  al,  201 1 ).  By  analyzing  the  intensity  of  the  scattered  X-ray 
collected  within  the  scattering  angle,  ranging  from  0.1  to  3°,  SAXS  can 
evaluate  the  size/size  distribution,  shape,  orientation,  and  structure  of 
a  variety  of  polymers  and  nanomaterial-bioconjugate  systems  in  solu¬ 
tion  (Doniach,  2001;  Rao  and  Biswas,  2009;  Sapsford  et  al,  2011). 

The  features  of  small-angle  scattering  in  SAXS  lead  to  the  capability 
of  studying  non-repeating  structures;  therefore,  perfect  crystallized 
structures  are  not  required,  which  simplifies  sample  preparation  and 
makes  SAXS  a  non-destructive  method  (Rao  and  Biswas,  2009).  On 
the  other  hand,  SAX  measurements  provide  holistic  information  about 
the  structure,  which  exhibits  the  averaged  characteristics  rather  than 
local  probes  of  individual  grains  (Rao  and  Biswas,  2009).  This  feature 
can  be  a  disadvantage  if  high  resolution  is  required.  On  the  other 
hand,  recent  progress  in  SAXS  can  achieve  higher  resolution  measure¬ 
ments  by  introducing  synchrotron  as  the  high-energy  X-ray  source 
(Petoukhov  and  Svergun,  2013;  Rao  and  Biswas,  2009). 

Other  X-ray  spectroscopic  techniques,  such  as  X-ray  absorption  spec¬ 
troscopy,  can  yield  information  about  chemical  state  and  symmetries  of 
the  absorption  site  through  analysis  of  the  X-ray  absorption  near  edge 
structure  spectra,  and  provide  structural  information,  including  coordi¬ 
nation  numbers  and  inter-atomic  distance  to  ligands  and  neighboring 
atoms  from  the  absorbing  element  through  investigation  of  the  spectra 
of  extended  X-ray  absorption  fine  structure  (EXAFS)  without  the  re¬ 
quirement  of  long-range  order  in  the  measured  species  (Koningsberger 
and  Prins,  1988;  Zanchet  et  al,  2001 ).  Both  XRD  and  EXAFS  can  provide 
the  averaged  structural  information  of  a  nanomaterial,  resulting  from  a 
long-range  order  and  a  local  order  of  samples  examined,  in  the  manner 
of  elastic  and  inelastic  X-ray  interaction  with  the  samples,  respectively 
(Zanchet  et  al,  2001 ). 

4.  Other  techniques 

Many  other  commonly  used  spectroscopic  techniques  for  investigat¬ 
ing  the  physicochemical  characteristics  of  nanomaterials  have  not  been 
listed  above.  One  such  sample  is  the  use  of  UV-visible  absorbance  spec¬ 
troscopy  to  investigate  the  characteristics  of  nanomaterials  including 
size,  concentration,  aggregation  state  and  even  bioconjugation  when 
the  absorption  profiles  of  nanomaterials  are  distinct  (Biju  et  al, 
2010b;  Jiang  et  al,  2004;  Sapsford  et  al,  2011).  Fluorescence  spectrosco¬ 
py  (FS),  in  general,  is  a  more  effective  technique  for  pursuing  the  ligand 
binding  or  conformational  changes  of  macromolecules  than  CD  and 
light  absorption  techniques  due  to  its  sensitivity  to  the  environment 
of  the  chromophore,  as  a  consequence  of  the  targeted  molecular  elec¬ 
tron  remaining  in  the  excited  singlet  state  for  a  relatively  long  duration 
before  de-excitation  (Cantor  and  Schimmel,  1980).  Furthermore, 
conjugation  of  an  extrinsic  fluorophore  to  the  non-intrinsically  fluores¬ 
cent  nanomaterials  enables  FS  to  determine  the  characteristics  of 


biomolecule  on  the  NP  surface,  including  concentration,  particle  size, 
and  spacer  composition  (Hurst  et  al,  2006). 

The  thermal  stability  and  the  amount  of  the  nanomaterial  conjugates 
can  be  evaluated  using  several  thermal  techniques  (Sapsford  et  al, 
2011).  The  temperature-dependent  weight  change  in  bulk  samples, 
such  as  various  nanomaterial  bioconjugates,  can  be  monitored  using 
thermal  gravimetric  analysis  (TGA)  (Gibson  et  al,  2007;  Vaiyapuri 
et  al,  2012).  Material  transitions  such  as  melting,  crystallization,  glass 
transition  and  decomposition  of  nanomaterial-bioconjugates  can  be 
accessed  through  differential  scanning  calorimetry  (DSC);  therefore, 
subsequent  analysis  of  DSC  measurements  can  provide  the  structure 
and  stability  of  the  investigated  material  (Bothun,  2008).  In  addition, 
the  stoichiometry,  affinity  and  enthalpy  derived  from  the  interaction 
between  nanomaterial  and  biomolecule  can  be  determined  using  iso¬ 
thermal  titration  calorimetry  (ITC)  (Cedervall  et  al,  2007).  By  locally 
heating  the  sample  to  generate  a  temperature  gradient,  thermophoresis 
monitors  the  motion  of  the  sample  to  evaluate  its  size  and  surface 
potential  (Sapsford  et  al,  2011;  Sperling  et  al,  2007).  However, 
thermophoresis  needs  higher  concentrations  of  the  examined  species 
than  FCS  does  to  ensure  robust  signals. 

Several  separation  techniques  are  routinely  used  as  characterization 
tools.  Centrifugation,  of  course,  is  a  conventional  methodology  of  sepa¬ 
rating  and  purifying  mixed  materials.  In  the  category  of  centrifugation 
techniques,  analytical  ultracentrifugation  (AUC)  can  be  implemented 
to  investigate  the  conformation,  structure,  stoichiometry  and  self¬ 
aggregation  state  of  nanomaterials,  in  addition  to  determining  the 
size/size  distribution,  shape  and  molecular  weight  (Inagaki  et  al, 
2013;  Sapsford  et  al,  2011;  Schaefer  et  al,  2012).  While  coupled  with 
reverse-phase,  ion-exchange-phase  or  size-exclusion-phase  columns, 
the  chromatography  techniques,  such  as  high-performance  liquid  chro¬ 
matography  (HPLC)  and  hydrodynamic  chromatography  (HDC),  can  be 
used  for  the  purification  of  nanomaterial  bioconjugates.  Owning  the 
capability  of  differentiating  different  nanomaterial  bioconjugates, 
these  chromatography  techniques  can  exhibit  the  distribution  of 
nanomaterial-to-biomolecule  ratios,  as  well  as  the  stability  and  purity 
of  the  post-products  (Patri  et  al,  2006;  Sapsford  et  al,  2011).  Methods 
of  electrophoresis  are  routinely  used  to  partition  and  purify  biomole¬ 
cules,  and  gel  electrophoresis  (GE)  and  capillary  electrophoresis  (CE), 
for  example,  can  further  provide  the  relative  and  absolute  hydrodynam¬ 
ic  size  and  zeta  potential  of  nanomaterials  (Sapsford  et  al,  2011 ).  Field 
flow  fractionation  (FFF),  which  utilizes  an  external  field  such  as  flow, 
thermal,  electrical  and  magnetic  fields  applied  to  a  fluid  suspension  or 
solution  to  separate  the  particles  present  in  the  fluid,  has  been  imple¬ 
mented  to  reveal  the  size/size  distribution  and  charge  information  of 
the  investigated  nanomaterials  (Sapsford  et  al,  2011).  Sedimentation 
and  flow  FFF  can  exhibit  the  effective  mass,  hydrodynamic  size,  density 
and  volume  of  the  nanomaterials  investigated. 

5.  Characterization  of  nanomaterials 

Nanomaterials  commonly  consist  of  at  least  two  of  the  following 
units:  metallic,  semiconducting  and  organic  particles  or  molecules 
(Kim  et  al,  2010).  Additionally,  nanomaterials  are  generally  coated 
with  polymers  or  biorecognition  molecules  to  improve  biocompatibility 
and  selective  targeting  of  biologic  molecules  (Kim  et  al,  2010).  A  com¬ 
mon  feature  of  all  nanomaterials  is  their  large  ratio  of  surface  area  to 
volume,  which  may  be  orders  of  magnitude  greater  than  that  of  macro¬ 
scopic  materials.  Still,  the  final  size  and  structure  of  nanomaterials 
depend  on  the  salt  and  surfactant  additives,  reactant  concentrations,  re¬ 
action  temperatures,  and  solvent  conditions  used  during  their  synthesis. 
Stated  thus,  comprehension  of  these  physicochemical  properties  as  well 
as  the  fundamentals  of  the  associated  measuring  methods  is  necessary 
before  characterizing  nanomaterials  and  developing  reproducible  syn¬ 
thesis  procedures  to  optimize  the  medical  application  of  nanomaterials. 

Some  nanomaterials  that  are  nanomedicines  or  considered  to  be  po¬ 
tential  nanomedicines  are  generally  split  into  several  categories  based 
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on  the  types  of  nanomaterials  or  the  application  areas,  such  as  drug  de¬ 
livery,  drugs  and  therapies,  in  vivo  imaging,  in  vitro  diagnostics,  bioma¬ 
terials  and  implants  (Wagner  et  al.,  2008).  Regardless  of  what  criterion 
is  used  to  categorize  these  nanomaterials,  they  share  a  certain  degree  of 
commonality  in  their  physicochemical  characteristics  within  and  across 
the  categories,  and  the  same  characteristics  in  different  nanomaterials 
can  be  visualized  through  the  use  of  the  same  or  equivalent  techniques 
described  above. 

Nano-drug  delivery  systems  aim  to  optimize  bioavailability  at  partic¬ 
ular  locations  over  a  period  of  time,  minimizing  drug  toxicity,  increasing 
drug-therapeutic  index  and  replacing  invasive  administration  routes 
with  non-invasive  ones  (Goldberg  et  al.,  2007;  Wagner  et  al.,  2008). 
Nano-drug  delivery  systems  include  liposomes,  nanosuspensions,  NPs, 
dendrimers,  fullerenes,  and  carbon  nanotubes  and  the  drug  carriers  in 
nano-drug  delivery  systems  can  be  devised  by  regulating  the  composi¬ 
tion,  size,  shape  and  morphology  (Goldberg  et  al.,  2007;  Wagner  et  al., 
2008).  In  a  nano-drug  delivery  system,  the  system  size  can  influence 
bioavailability  and  circulation  time  in  blood  stream,  partly  resulting 
from  the  impact  of  surface  area-to-volume  ratios  on  the  solubility  of 
the  drug  delivery  systems  (Goldberg  et  al.,  2007;  Rabinow,  2004; 
Vinogradov  et  al.,  2002).  Studies  showed  that  10-100  nm  is  an  optimal 
size  for  nano-drug  delivery  systems  to  mostly  avoid  rapid  removal 
through  extravasation  or  through  phagocytosis  (Stolnik  et  al.,  1995; 
Vinogradov  et  al.,  2002).  Recent  studies  have  demonstrated  that  the 
shape  of  the  drug  carrier  plays  an  important  role  in  biodistribution  and 
cellular  uptake  as  well  as  avoiding  phagocytosis  and  prolonging  circula¬ 
tion  in  blood  stream  (Champion  and  Mitragotri,  2009;  Geng  et  al.,  2007). 
In  addition,  it  has  been  reported  that  the  surface  charge  of  a  nano-drug 
delivery  system  affects  the  pharmacokinetics  of  drugs  entrapped/ad¬ 
hered  (Hathout  et  al.,  2007;  Law  et  al.,  2000),  while  the  structural  differ¬ 
ence  of  the  delivery  systems  may  influence  drug  delivery  efficiency 
(Inokuchi  et  al.,  2010).  Among  the  techniques  described  in  this  article 
for  physicochemical  characterization,  DLS,  FCS,  RS,  NSOM,  SEM,  TEM, 
STM,  AFM,  NMR,  XRD,  SAXS,  FS  and  several  separation  techniques  are 
suitable  for  evaluating  the  size  and  size  distribution  of  nano-drug  deliv¬ 
ery  systems.  NSOM,  SEM,  TEM,  STM,  AFM,  XRD  and  SAXS  are  proper  mo¬ 
dalities  for  shape  measurement,  while  appropriate  methods  for  surface 
charge  measurement  include  zeta  potential  measurement  (ELS),  ATR- 
FTIR,  GE  and  CE.  In  addition,  TERS,  CD,  MS,  IR,  STM,  AFM,  NMR,  XRD, 
SAXS,  FS  and  some  of  the  thermal  and  separation  techniques  can  inves¬ 
tigate  the  structural  properties  of  the  nanomaterials. 

Along  with  the  development  of  nano-drug  carriers,  certain  types  of 
nanomaterials  have  been  used  to  design  active  pharmaceuticals,  such 
as  a  dendrimer-derived  microbiocide  for  preventing  HIV  infections 
and  fullerenes  for  binding  and  scavenging  or  inactivating  free  radicals, 
which  are  associated  with  the  induction  of  neural  and  cardiovascular 
diseases  (Wagner  et  al.,  2008).  Super-paramagnetic  iron-oxide  NPs 
coated  with  aminosilane,  for  example,  can  be  used  in  hyperthermia 
treatment  of  cancer  by  subjecting  the  tumor  tissue  to  high  temperatures 
in  order  to  destroy  neoplastic  cells  (Wagner  et  al.,  2008).  Magnetic  NPs 
bound  to  antibodies  can  be  specific  to  certain  targets,  e.g.,  stem  cells,  and 
allow  sorting  via  magnetic  field  for  cell  therapy  (Wagner  et  al.,  2008).  In 
addition  to  the  physicochemical  properties,  including  size,  shape,  sur¬ 
face  charge  and  structure  mentioned  already,  the  stability,  particularly 
thermal  stability,  of  the  nanomaterials  plays  a  crucial  role  if  nano¬ 
drugs  and  nano-formulations  are  to  retain  and  exert  consistent  thera¬ 
peutic  efficacy.  In  this  article,  the  modalities  capable  of  characterizing 
the  stability  of  nanomaterials  are  zeta  potential  measurement,  CD, 
HPLC,  HDC  and  several  thermal  techniques  including  TGA,  DSC,  ITC 
and  thermophoresis. 

Molecular  diagnostics  is  aimed  at  diagnosing  disease  at  a  molecular 
level  before  symptoms  manifest  (Wagner  et  al.,  2008).  Compared  with 
conventional  molecular  imaging  agents,  employment  of  nanomaterial- 
based  contrast  agents  generally  increases  the  signal  intensity  of  a  single 
particle  (Rosenblum  et  al.,  2010;  Thomas  et  al.,  2013).  The  strong  signal 
generated  by  the  nanomaterial-based  contrast  agents,  in  fact,  helps 


overcome  the  essential  disadvantages  of  low  sensitivity  in  MR1  and  lim¬ 
ited  depth  penetration  of  optical  imaging  to  a  certain  degree  (Lam  et  al., 
2013;  Rosenblum  et  al.,  2010;  Thomas  et  al.,  2013).  Given  the  novel 
properties  of  nanomaterials,  several  distinct  nanomaterials  are  com¬ 
monly  designed  as  nanoscale  imaging  probes,  including  quantum  dots 
with  specific  electronic  and  optical  properties,  upconversion  phosphors 
consisting  of  phosphor  nanocrystals  doped  with  rare  earth  metals,  and 
super-paramagnetic  iron  oxide  particles  containing  an  iron  oxide  core 
of  magnetite  and/or  maghemite  encased  in  polysaccharide,  synthetic 
polymer  or  monomer  coatings,  or  other  soft  materials  like  dendrimers 
(Biju  et  al.,  2010a;  Liang  et  al.,  2008;  Rosenblum  et  al.,  2010;  Wang 
et  al.,  2011).  In  addition  to  the  characteristics  of  conventional  imaging 
probes,  such  as  structure,  purity  and  solubility,  certain  physicochemical 
properties  of  nanomaterial-based  imaging  contrast  agents  also  have  to 
be  considered,  including  size,  shape,  composition,  zeta  potential  and 
dispersion  (Leung  et  al.,  2012).  Techniques  that  can  characterize  the 
property  of  purity  include  NMR,  HPLC  and  HDC,  while  the  property  of 
composition  can  be  characterized  by  MS  and  NMR.  Furthermore,  the 
EM-  and  SPM-derived  techniques,  such  as  ESEM,  TEM,  STM  and  AFM, 
can  be  implemented  to  characterize  the  dispersion  of  nano-based  imag¬ 
ing  probes. 

Even  in  vivo  nanomaterial-based  imaging  contrast  agents  are  contin¬ 
uously  under  development,  nanomaterial  toxicity  in  the  body  has  not 
been  comprehensively  studied  (Chi  et  al.,  2012).  While  toxicity  of 
being  a  minor  concern  leads  to  various  types  of  nanomaterials  widely 
used  in  the  context  of  in  vitro  diagnostics  (Chi  et  al.,  2012),  the  applica¬ 
tions  of  in  vitro  diagnostics  have  attracted  a  large  amount  of  research  in¬ 
terests,  mainly  split  into  NP-based  biomarkers  and  novel  sensor 
platforms  composed  of  nanomaterials  (Chi  et  al.,  2012;  Wagner  et  al., 
2008).  Among  the  physicochemical  characteristics,  stability  is  a  key 
property  in  the  applications  of  biomarkers.  An  example  is  the  complete 
replacement  of  organic  dyes  with  inorganic  fluorescent  NPs  because  or¬ 
ganic  dyes  in  polymerase  chain  reaction  assays  and  in  biochips  are  not 
photostable  (Chi  et  al.,  2012;  Wagner  et  al.,  2008).  While  biochips 
with  a  nano-based  electrical  detection  system  are  the  most  popular  de¬ 
velopment  in  the  field  of  nano-sensor  platforms,  the  surface  chemistry 
properties  play  an  important  role  in  determining  the  capabilities  of 
the  biochips  (Chi  et  al.,  2012;  Wagner  et  al.,  2008). 

Compared  to  drug  delivery  studies,  the  developments  of  nanoscale 
biomaterials  and  implants  are  still  in  their  infancy.  Still,  nanomaterials 
have  been  used  in  a  wide  spectrum  of  applications,  including  tissue  re¬ 
generation  and  medical  implants  (Liu  and  Webster,  2007;  Wagner  et  al., 
2008).  Nanomaterials  have  been  considered  for  a  variety  of  implant 
applications,  such  as  bone  substitute  materials,  cartilage  regeneration, 
vascular  graft  endothelialization,  bladder  replacement,  dental  restor¬ 
atives,  neural  prostheses  and  antibiotic  materials  (Liu  and  Webster, 
2007;  Wagner  et  al.,  2008).  Among  the  physicochemical  characteristics, 
surface  properties  are  of  the  greatest  importance  to  understand  protein- 
mediated  cell  responses  since  the  unique  surface  properties  of  the 
nanomaterials  can  influence  interactions  with  proteins  attached  to  se¬ 
lected  cell  membrane  receptors  (Liu  and  Webster,  2007).  Techniques 
that  can  provide  surface  chemical  characterization  and  investigation 
of  protein-nanomaterial  interactions  include  CD  coupled  with  an 
enzyme-linked  immunosorbent  assay,  time-of-flight  secondary  ion 
MS,  ATR-FTIR,  modified  AFM  and  X-ray  photoelectron  spectroscopy 
(Liu  and  Webster,  2007). 

Protein  corona  is  formed  in  a  dynamic,  competitive  process  during 
which  proteins  or  enzymes  present  in  the  biological  fluid  adhere  to 
the  surface  of  nanomaterials  to  generate  a  bio-nano  interface  (Luyts 
et  al.,  2013;  Mahmoudi  et  al.,  2011;  Nel  et  al.,  2009).  The  physicochem¬ 
ical  properties  of  nanomaterials  influenced  by  protein  corona  include 
surface  properties,  aggregation  properties  and  hydrodynamic  size 
charge;  in  the  meantime,  the  adhered  proteins  can  endure  conforma¬ 
tional  alternation,  functionality  changes,  unmasking  of  new  epitopes 
and  alternations  in  avidity  and  affinity  effects  (Cedervall  et  al.,  2007; 
Luyts  et  al.,  2013;  Nel  et  al.,  2009).  In  contrast  to  using  centrifugation, 
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a  conventional  method  that  likely  disturbs  protein-NP  complexes,  a 
number  of  methodologies,  including  size-exclusion  chromatography 
gel  filtration,  1TC,  surface  plasmon  resonance  (SPR),  have  been  proposed 
for  measuring  dynamic  and  equilibrium  parameters  of  the  protein-NP 
interactions  and  estimating  the  potential  of  NP-associated  risks 
(Cedervall  et  al.,  2007;  Dahlin  et  al.,  2013). 

6.  Conclusion 

Given  the  novelty  of  physicochemical  characteristics  at  the  nanome¬ 
ter  scale,  nanomaterials  have  potential  to  impact  physiological  interac¬ 
tions  from  the  molecular  level  to  the  systemic  level,  making  the  in  vivo 
administration  of  nanomedicines  an  interesting  research  topic. 
The  rapid  development  and  production  of  nanomaterials  for  use  as 
nanomedicines  indicate  the  demand  and  wisdom  for  regulating  the 
manufacture  and  use  of  nanomaterials.  Robust  techniques  for  character¬ 
ization  of  nanomaterials  are  fundamental  to  regulatory  guidelines  for 
ensuring  safety  of  nanomaterials  in  general  and  nanomedicines  in  par¬ 
ticular.  This  article  describes  the  essential  physicochemical  properties 
of  nanomaterials,  followed  by  an  introduction  to  different  methods 
that  are  commonly  used  for  characterizing  nanomaterials.  Indeed,  it  is 
necessary  to  characterize  the  nanomaterial  intended  for  therapeutic 
use  in  both  its  originally  manufactured  condition  and  after  introduction 
into  a  physiological  environment.  The  brief  description  of  each  tech¬ 
nique,  together  with  its  strengths  and  limitations,  provides  us  with  a 
picture  for  selecting  suitable  techniques  for  characterization  of  a  poten¬ 
tial  nanomedicine. 
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Fluorescent  metal  nanoclusters  (NCs)  have  given  rise  to  a  new  class  of  fluorescent  nanomaterials  for 
the  detection  of  heavy  metals.  Here,  we  design  a  simple,  rapid  and  highly  sensitive  sensing  nanosystem 
for  the  detection  of  Hg2+  and  Cu2+  based  on  fluorescence  quenching  of  ultrasmall  DNA-Ag  NCs.  The 
fluorescence  intensity  of  DNA-Ag  NCs  was  selectively  quenched  by  Hg2+  and  Cu2+,  and  the  limit  of 
detection  (LOD)  was  found  to  be  5  nM  and  10  nM,  respectively.  The  technique  was  renewably  employed 
by  EDTA  addition  and  successfully  applied  to  detection  of  Hg2+  and  Cu2+  in  domestic  water  samples. 
The  quantum  yield  (QY)  of  DNA-Ag  NCs  was  significantly  higher  (~30%)  compared  to  traditional  water- 
soluble  fluorescent  metal  NCs.  The  DNA-Ag  NCs  detection  system  is  potentially  suitable  for  detecting 
Hg2+  and  Cu2+  and  monitoring  water  quality  in  a  wide  range  of  samples  regulated  under  the  Environ¬ 
mental  Protection  Agency. 


Introduction 

Recently,  metal  nanoclusters  (NCs),  composed  of  a  few  to  a 
hundred  atoms  within  a  core  structure,  have  emerged  as  novel 
luminescent  nanomaterials  and  have  received  extensive  atten¬ 
tion  because  of  their  potential  use  in  real-time  applications. 1-3 
With  sizes  comparable  to  the  Fermi  wavelength  of  electrons, 
NCs  exhibit  unique  photoluminescence  properties  including 
strong  photoluminescence,  high  emission  rates,  large  Stokes 
shifts,  excellent  photostability  and  two-photon  absorption  cross 
sections.4-7  More  importantly,  the  emission  wavelength  of 
water-soluble  metal  NCs  can  be  easily  tuned  from  blue  to 
near-infrared  by  varying  the  type  of  ligand  or  controlling  the 
size.8-10  Owing  to  their  ultrasmall  size  and  attractive  photo¬ 
luminescence  properties,  metal  NCs  are  employed  as  a  new  class 
of  biocompatible  fluorophores  for  applications  in  biological 
imaging  and  bioassays.11’12 
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Heavy  and  transition  metal  ions  are  essential  for  the  physical 
activities  of  biological  and  environmental  processes.13,14 
However,  excess  amounts  of  these  metal  ions  are  toxic  and 
can  induce  a  series  of  health  and  environmental  problems. 
Mercury  is  one  of  the  most  toxic  heavy  metal  ions  and  poses 
significant  toxicity  even  after  a  minute  exposure.  Mercury 
damages  biological  systems  by  disrupting  biological  processes 
and  can  result  in  a  variety  of  serious  diseases.15-17  Copper,  the 
third  most  abundant  transition  metal  in  the  human  body,  plays 
vital  roles  in  many  fundamental  biological  processes.  However, 
Cu2+  can  cause  serious  damage  to  the  liver  and  kidney  at  high 
concentrations.18-20  Thus,  methods  for  detecting  the  presence 
of  these  ions  are  urgently  needed.  Although  a  number  of  effective 
approaches  for  Hg24  and  Cu2+  detection  have  been  developed, 
existing  methods  need  complex  equipment  or  sophisticated 
operations.21’22  Simple  and  sensitive  methods  for  detecting 
metal  ions  are  still  required. 

In  this  work,  we  report  the  design  of  a  sensing  system  to 
detect  Hg24.  This  system  is  based  on  the  interaction  between 
DNA-Ag  NCs  and  Hg24,  which  causes  fluorescence  quenching. 
We  also  found  that  the  DNA-Ag  NCs  responded  not  only  to 
Hg2+,  but  also  to  Cu2+.  Hg24  caused  a  more  obvious  fluores¬ 
cence  change  than  Cu24.  Further  studies  were  carried  out  to 
investigate  the  detection  of  Hg24  and  Cu24  in  water  samples. 
The  highly  sensitive  and  selective  fluorescence  quenching  by 
Hg24  and  Cu24  demonstrates  that  DNA-Ag  NCs  have  great 
potential  as  a  nano-sensing  system  for  monitoring  water  quality 
in  a  wide  range  of  samples. 
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Materials  and  methods 

Materials  and  reagents 

All  oligonucleotides  were  synthesized  by  Beijing  Sunbiotech  Co. 
Ltd  (Beijing,  China).  The  oligonucleotides  were  purified  by 
desalting.  Gold(m)  chloride  trihydrate  (HAuCl4-3H20),  silver 
nitrate  (AgN03)  and  sodium  borohydride  (NaBH4)  were  purchased 
from  Sigma-Aldrich  (St  Louis,  USA).  Ultrapure  water  (18.2  Mfl  cm-1) 
produced  by  a  Milli-Q  system  (Millipore  Co.,  USA)  was  used  in  all 
the  experimental  work.  All  chemicals  used  were  of  analytical  grade. 

Synthesis  of  oligonucleotide-Ag  NCs 

Oligonucleotide-Ag  NCs  were  prepared  as  described  elsewhere 
with  slight  modifications.2’23  Briefly,  DNA  (oligonucleotide 
sequence:  5'-ACC  CGA  ACC  TGG  GCT  ACC  ACC  CTT  AAT  CCC 
C-3')  was  dissolved  in  deionized  water  to  prepare  a  stock  solution. 
6  |il  of  DNA  (250  pM)  and  9  pi  of  AgN03  (1  mM)  were  sequentially 
added  to  sodium  phosphate  buffer  (PBS,  20  mM,  pH  6.6),  and 
the  mixture  was  incubated  at  room  temperature,  in  the  dark, 
for  20  minutes.  Freshly  prepared  NaBH4  solution  (90  pM)  was 
then  added  to  the  reaction  mixture  with  vigorous  shaking  for 
30  seconds.  The  reaction  mixture  was  kept  in  the  dark  at  room 
temperature  for  4  hours  before  use. 

Characterization  of  DNA-Ag  NCs 

UV-Vis  absorption  spectra  were  recorded  using  a  Lambda 
950  UV/Vis/NIR  spectrophotometer  (Perkin-Elmer,  USA).  The 
fluorescence  spectra  were  obtained  in  a  microcell  with  1  cm 
path  length  using  a  Perkin-Elmer  LS55  luminescence  spectro¬ 
meter.  The  fluorescence  lifetime  of  DNA-Ag  NCs  was  measured 
using  an  Edinburgh  FL  900  single-photon  counting  fluorescence 
lifetime  instrument  and  a  laser  lamp  (Edinburgh  Instruments, 
Scotland).  Transmission  electron  microscopy  (TEM)  imaging  was 
performed  using  an  FEI  Tecnai  F20  U-TWIN  electron  microscope 
(FEI  Company,  Philips,  Netherlands).  The  size  and  zeta-potential 
distribution  of  DNA-Ag  NCs  was  measured  using  a  Zetasizer 
Nano  ZS  (Malvern,  UK)  at  25  °C.  X-ray  photoelectron  spectro¬ 
scopy  (XPS)  was  carried  out  on  an  X-ray  photoelectron  spectro¬ 
meter  (Perkin-Elmer,  PHI-5300). 

Determination  of  the  fluorescence  spectra  of  DNA-Ag  NCs  in 
the  presence  of  metal  ions 

To  explore  the  interaction  of  DNA-Ag  NCs  with  different  metal 
ions,  100  pi  of  the  as-synthesized  DNA-Ag  NCs  were  mixed  with 
different  metal  ions  at  1  mM.  The  fluorescence  spectra  of  DNA- 
Ag  NCs  in  the  presence  of  metal  ions  were  recorded  using  a 
luminescence  spectrometer  after  the  samples  were  incubated 
for  5  minutes. 

Detection  of  metal  ions 

The  fluorescence  activity  of  the  DNA-Ag  NCs  was  monitored 
over  a  range  of  Hg2+  and  Cu2+  concentrations  to  evaluate  the 
lowest  concentration  at  which  metal  ions  could  be  detected.  For 
detection  of  mercury  ions,  concentrations  of  Hg2+  varying  from 
0  to  2  pM  were  added  to  a  solution  of  DNA-Ag  NCs  (100  pL)  to 
obtain  the  limit  of  detection  and  metal  ion  response  range  of 


the  DNA-Ag  NC  probes.  After  5  min  incubation,  the  changes  in 
fluorescence  behavior  of  the  Hg2+-treated  solutions  were 
observed  using  a  UV  lamp  and  a  luminescence  spectrometer. 
The  corresponding  UV-Vis  absorption  spectra  were  also  recorded. 
The  same  procedure  was  repeated  for  the  detection  of  Cu2+. 

Analysis  of  real  water  samples 

To  analyze  the  activity  of  the  DNA-Ag  NCs,  we  used  the  system  to 
detect  metal  ions  in  real  water  samples  from  different  sources. 
Spring  and  laboratory  tap  water  samples  were  collected  for  analysis. 
For  the  detection  procedure,  we  prepared  the  samples  by  spiking 
them  with  standard  solutions  of  Hg2+  and  Cu2+  (the  final  concen¬ 
tration  of  each  ion  was  1  pM).  The  protocol  for  detection  was 
similar  to  that  described  above.  In  order  to  confirm  the  practicality 
of  the  DNA-Ag  NC  system,  the  concentrations  of  Hg23  and  Cu2+  in 
the  real  water  samples  were  detected  by  ICP-MS. 


Results  and  discussion 

Synthesis  and  characterization 

The  unique  optical  properties  of  fluorescent  nanoclusters 
have  attracted  attention  for  use  in  bioassays  and  biological 
imaging.1,3  Here  we  develop  a  highly  sensitive  and  selective 
fluorescence  sensor  for  detecting  the  metal  ions  Cu2+  and  Hg2+ 
based  on  the  fluorescence  quenching  of  DNA-Ag  NCs.  An 
oligonucleotide  (a  polymer  consisting  of  31  nucleotides)  was 
employed  as  a  stabilizer,  and  NaBH4  was  used  as  a  reducing 
agent  in  a  one-step  synthesis  of  DNA-Ag  NCs. 

As  shown  in  Fig.  la  (inset),  the  light  brown  solution  of  DNA- 
Ag  NCs  emitted  an  intense  red  fluorescence  under  UV  light 
(365  nm),  and  fluorescence  spectrophotometer  analysis  showed 
that  the  emission  spectrum  of  DNA-Ag  NCs  had  a  single  broad 
transition  maximizing  at  615  nm  with  a  large  Stokes  shift 
(>80  nm)  while  excited  at  535  nm.  The  quantum  yield  (QY) 


Fig.  1  Characterization  of  the  properties  of  DNA-Ag  NCs.  (a)  Fluores¬ 
cence  spectrum  of  DNA-Ag  NCs.  Inset:  pictures  of  the  Ag  NCs  solution 
under  normal  room  lighting  (left)  and  UV  irradiation  (right),  (b)  Typical  TEM 
image  of  DNA-Ag  NCs.  (c)  The  hydrodynamic  diameter  of  DNA-Ag  NCs. 
(d)  Zeta  potential  distribution  of  the  DNA-Ag  NCs. 
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of  DNA-Ag  NCs  was  measured  to  be  ~  30%,  using  Rhodamine 
B  (QY  =  0.95  in  ethanol)  as  the  reference.  In  the  past,  various 
approaches  have  been  taken  to  synthesize  water-soluble  fluor¬ 
escent  metal  NCs,  but  the  QY  was  extremely  low,  in  the  range 
of  10~10  to  10-2.24'25  These  low  yields  were  insufficient  for 
biomedical  applications. 

TEM  images  of  DNA-Ag  NCs  indicate  that  the  fluorescent 
nanoparticles  are  well  dispersed  and  the  average  diameter  is 
3.1  nm  (Fig.  lb).  Energy-dispersive-X-ray  spectroscopy  (EDX) 
experiments  confirmed  the  presence  of  elemental  Ag  in  DNA- 
Ag  NC  samples  (Fig.  SI,  ESIf).  To  confirm  these  results,  dynamic 
light  scattering  (DLS)  was  used  to  show  that  the  hydrodynamic 
diameter  and  zeta-potential  of  these  particles  are  6.5  nm  and 
—29  mV,  respectively  (Fig.  lc  and  d).  The  negative  potential  of 
DNA-Ag  NCs  implies  that  they  possess  good  colloidal  stability 
under  physiological  conditions. 

Fluorescence  lifetime  measurements  shed  light  on  the 
underlying  mechanism  of  fluorescence  enhancement  of  DNA- 
Ag  NCs.  To  confirm  the  fluorescent  properties  of  DNA-Ag  NCs, 
their  fluorescence  decay  was  measured.  As  shown  in  Fig.  2a,  the 
DNA-Ag  NCs  possess  a  characteristic  multi-exponential  fluores¬ 
cence  decay  that  fitted  well  with  two  exponential  functions, 
with  lifetimes  (fractional  weights)  of  5.42  ns  (84.14%)  and  2.6  ns 
(15.86%).  In  order  to  verify  this  result,  a  known  fluorescein 
isothiocyanate  (FITC)  was  chosen  as  a  control  for  fluorescence 
decay  measurements.  The  results  showed  that  the  fluorescence 
lifetime  of  FITC  was  3.7  ns.  In  order  to  further  confirm  the 
mechanism  of  DNA-Ag  NC  fluorescence,  X-ray  photoelectron 
spectroscopy  (XPS)  measurements  were  carried  out.  As  shown  in 
Fig.  2c,  the  XPS  spectra  indicated  that  the  DNA  acted  as  a  ligand  on 
the  surface  of  Ag  NCs.  The  valence  states  of  silver  in  the  DNA-Ag 
NCs  were  also  analyzed.  The  Ag  3d  XPS  spectrum  showed  that  the 
binding  energies  (BE)  of  Ag  3d5/2  and  Ag  3d3/2  were  367.98  eV  and 
373.98  eV,  respectively  (Fig.  2d).  The  BEs  of  Ag  3d5/2  and  Ag  3d3/2 
were  close  to  that  of  Ag(0),  which  confirmed  the  formation  of 
DNA-Ag  NCs.  The  high  luminescence  of  the  as-synthesized 
DNA-Ag  NCs  is  particularly  favorable  for  use  in  biosensors. 
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Fig.  2  (a)  The  fluorescence  decay  curves  of  DNA-Ag  NCs  and  multi¬ 
exponential  fits,  (b)  Fluorescence  lifetime  parameters  of  DNA-Ag  NCs 
and  FITC.  (c)  XPS  spectrum  of  DNA-Ag  NCs  and  (d)  the  expanded 
spectrum  of  Ag3d. 


Mechanism  of  detection  of  Hg2+  and  Cu2+ 

To  evaluate  the  interaction  of  DNA-Ag  NCs  with  Hg2+,  DNA-Ag 
NCs  were  mixed  with  different  concentrations  of  Hg2+  ions. 
Fig.  3a  displays  the  fluorescence  emission  spectra  of  DNA-Ag 
NCs  as  an  indicator  of  Fig24  concentration  from  0  to  1  pM.  The 
fluorescence  intensity  of  the  DNA-Ag  NCs  gradually  decreased 
as  the  Hg23  concentration  increased,  and  the  emission  was 
quenched  to  less  than  5%  in  the  presence  of  1  pM  FIg2+.  These 
results  indicated  that  the  fluorescence  quenching  effect  can  be 
developed  as  a  DNA-Ag  NC-based  sensing  system  for  detection 
of  Hg'2+.  There  is  a  good  linear  relationship  between  fluores¬ 
cence  quenching  and  the  logarithm  of  the  Hgz+  concentration 
at  low  Hg23  concentrations  (Fig.  3b).  When  the  sensitivity  of  the 
DNA-Ag  NC  sensing  system  was  examined,  it  was  found  that 
the  limit  of  detection  (LOD)  of  Hg2+  was  5  nM.  This  sensitivity 
meets  with  the  Hg2+  detection  requirement  for  drinking  water 
by  the  U.S.  Environmental  Protection  Agency  (EPA,  10  nM)  and 
the  European  Union  (5  nM). 

We  next  evaluated  whether  the  DNA-Ag  NCs  can  selectively 
detect  different  metal  ions.  We  tested  abundant  cellular  cations 
(Na+,  K+,  Mg24,  Ca2+  and  Al3+),  essential  cellular  transition  metal 
ions  (Fe2+,  Fe3+,  Cu2+,  Mn2+,  Co2+,  and  Ni2+)  and  environmentally 
relevant  heavy  metal  ions  (Hg2+,  Pb2+  and  Cd2+)  at  a  concentration 
of  1  pM  (Fig.  3d).  Only  Hgz+  and  Cu2+  caused  pronounced  and 
immediate  fluorescence  quenching,  and  Fig23  caused  stronger 
quenching  than  Cu2+.  Because  Cu2+  could  interfere  with  the 
detection  of  FIg2+  if  Hg23  and  Cu2+  exist  in  the  same  analyte,  we 
also  studied  the  fluorescence  responses  of  the  DNA-Ag  NCs  to 
different  concentrations  of  Cu2+.  As  shown  in  Fig.  4,  the  DNA-Ag 
NC  sensing  system  showed  a  relationship  between  fluorescence 
intensity  and  Cu2+  concentration.  The  LOD  of  Cu2+  was  estimated 


Fig.  3  (a)  Fluorescence  emission  spectrum  of  DNA-Ag  NCs  in  the 

presence  of  Hg2+  concentrations  increasing  from  0  to  2  pm  (top  to 
bottom,  excitation  at  535  nm).  The  inset  shows  an  image  of  the  Hg23- 
treated  DNA-Ag  NCs  under  UV  irradiation  (0  pm  Hg2+,  left,  to  2  pm,  right), 
(b)  Relative  fluorescence  intensity  of  DNA-Ag  NCs  (F/F0,  where  F  and  F0 
are  the  fluorescence  intensities  at  615  nm  in  the  presence  and  absence  of 
Hg2+,  respectively)  versus  the  logarithm  of  the  Hg2+  concentration  up  to 
100  nM.  (c)  Fluorescence  response  of  DNA-Ag  NCs  in  the  presence  of 
different  metal  ions  (all  at  1  pM).  (d)  Histogram  analysis  of  (c). 
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Fig.  4  Sensitivity  and  fluorescence  response  of  DNA-Ag  NCs  toward 
Cu2+  ions.  Emission  spectra  of  DNA-Ag  NCs  in  the  presence  of  different 
concentrations  of  Cu2+  increasing  from  0  to  2  pm  (top  to  bottom, 
excitation  at  535  nm).  The  inset  shows  an  image  of  the  Cu2+-treated 
DNA-Ag  NCs  under  UV  irradiation  (0  pm  Cu2+,  left,  to  2  pm,  right). 

to  be  10  nM  which  met  the  detection  requirement  of  the  U.S. 
EPA  (20  pM).26  These  results  imply  that  simultaneous  detection 
of  Hg2+  and  Cu2+  can  easily  be  achieved  by  monitoring  the 
fluorescence  change  of  the  DNA-Ag  NCs  using  a  UV  lamp. 

In  order  to  investigate  the  underlying  mechanism  by  which 
Hg2+  and  Cu2+  quenched  the  fluorescence  of  DNA-Ag  NCs, 
fluorescence  lifetime  measurements  were  carried  out.  In  the 
presence  of  Hg2+  and  Cu2+,  there  was  no  distinct  change  in  the 
fluorescence  decay  of  the  DNA-Ag  NCs  and  the  average  fluores¬ 
cence  lifetime  was  5.4  ns  for  Hg2+  and  5.2  ns  for  Cu2+  (Fig.  S2, 
ESIf).  XPS  measurements  demonstrated  that  Hgz+  and  Cu2+ 
had  no  effect  on  the  valence  states  of  silver  in  the  DNA-Ag  NCs 
(Fig.  5b).  Previous  studies  suggested  that  the  fluorescence  of 
DNA-Ag  NCs  could  also  be  quenched  through  Hg2+-mediated 
interparticle  aggregation.27  In  our  study,  we  used  TEM  imaging 
to  show  that  the  DNA-Ag  NCs  formed  aggregates  in  the  presence 
of  Hg2-1  but  not  Cu2+  (Fig.  5a).  Hg2+  binds  to  thymine  (T) 
residues  in  single-stranded  DNA,  and  the  interaction  of  Hg2+ 


a  DNA-Ag  NCs  DNA-Ag  NCs  with  Hg2*  DNA-Ag  NCs  with  Cu2* 


Fig.  5  TEM  imaging  (a)  and  XPS  spectrum  analysis  (b)  of  DNA-Ag  NCs  in 
the  absence  and  presence  of  Hg2+  (1  pM)  or  Cu2+  (1  pM). 
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with  the  oligonucleotides  on  the  surface  of  the  nanoparticles 
probably  causes  the  aggregation  of  the  DNA-Ag-NCs.28  31  How¬ 
ever,  our  results  rule  out  the  possibility  that  Hg2+-induced 
aggregation  of  DNA-Ag  NCs  is  responsible  for  the  fluorescence 
quenching. 

We  speculate  that  Cu2+  could  quench  the  fluorescence  of 
DNA-Ag  NCs  due  to  the  specific  and  strong  metallophilic 
interaction  between  Cu  and  Ag  atoms  in  our  DNA-Ag  NCs. 
Next,  we  investigated  the  effect  of  the  chelating  agent  ethylene 
diamine  tetracetic  acid  (EDTA)  on  the  ability  of  DNA-Ag  NC  to 
sense  Hg23  and  Cu2+.  As  shown  in  Fig.  S3  (ESIf),  adding  EDTA  to 
the  sensor  system  “turned  on”  the  fluorescence  of  the  DNA-Ag 
NC-Hg2+  and  DNA-Ag  NC-Cu2+  complexes,  and  the  fluorescence 
intensity  of  Hg23  and  Cu2+  increased  to  80%  and  62%,  respec¬ 
tively,  in  the  presence  of  10  pM  EDTA  (data  not  shown).  This 
indicates  that  EDTA  forms  stronger  complexes  with  Hg2+  than 
with  Cu2+.  These  results  suggested  that  the  DNA-Ag  NC  sensor 
system  can  be  renewed  by  using  EDTA. 

In  order  to  evaluate  the  potential  application  of  DNA-Ag  NCs 
in  detecting  ions  in  real  water  samples,  we  tested  the  sensitivity 
and  specificity  of  the  fluorescence  response  of  Hg23  and  Cu2+  in 
tap  water  and  spring  water.  As  shown  in  Fig.  S4  (ESIf),  the  real 
water  samples  did  not  induce  fluorescence  quenching  of  the 
DNA-Ag  NC  solution.  Thus,  the  concentrations  of  Hg2+  and 
Cu2+  in  tap  water  and  spring  water  were  lower  than  the 
detection  limit  of  the  DNA-Ag  NCs.  ICP-MS  analysis  was  used 
to  determine  the  Hg2"  and  Cu2+  concentrations  in  the  real  water 
samples,  and  the  data  confirmed  the  results  obtained  for  the 
DNA-Ag  NC  system.  However,  the  fluorescence  of  DNA-Ag  NCs 
was  immediately  quenched  when  Hg2+  and  Cu2+  were  added 
to  the  real  water.  Taken  together,  our  data  suggest  that  the 
label-free  DNA-Ag  NC  assay  system  is  a  potential  tool  for  Hg2+ 
and  Cu2+  sensing  in  environmental  samples. 

Conclusions 

In  summary,  DNA-Ag  NCs  were  synthesized  through  reduction 
by  NaBH ,  at  room  temperature,  which  markedly  increased 
the  QY  of  fluorescence  emission.  These  DNA-Ag  NCs  are  of 
uniform  ultrasmall  size  and  possess  good  photophysical 
properties.  In  the  present  work,  we  developed  a  simple,  rapid 
(<5  min)  and  low-cost  sensing  system  for  Hgz+  and  Cu2+ 
detection  using  DNA-Ag  NCs.  This  system  has  unprecedented 
sensitivity  with  a  limit  of  detection  (LOD)  of  5  nM  and  10  nM 
for  Hg2+  and  Cu2+,  respectively.  The  fluorescence  response  of 
DNA-Ag  NCs  is  remarkably  specific  for  Hg2+  and  Cu2+  in  the 
presence  of  other  metal  ions,  and  thus  meets  the  requirements 
of  environmental  and  industrial  monitoring  applications.  This 
novel  sensing  system  is  simple  and  can  be  easily  carried  out  by 
simple  mixing  and  incubation  of  the  sample  at  room  tempera¬ 
ture.  It  has  also  been  successfully  applied  to  practical  detection 
of  Hg2+  and  Cu2+  in  real  water  samples.  Because  of  its  simplicity, 
rapidity  and  sensitivity,  the  DNA-Ag  NC  sensing  system  demon¬ 
strated  here  shows  potential  for  monitoring  water  quality  in 
developing  regions. 


NewJ.  Chem. 


This  journal  is  ©The  Royal  Society  of  Chemistry  and  the  Centre  National  de  la  Recherche  Scientifique  2014 


Published  on  28  January  2014.  Downloaded  by  Harvard  University  on  12/02/2014  07: 13:55. 


View  Article  Online 


NJC 

Acknowledgements 

This  work  was  supported  by  the  Chinese  Natural  Science 
Foundation  project  (No.  81171455),  a  National  Distinguished 
Young  Scholars  grant  (31225009)  from  the  National  Natural 
Science  Foundation  of  China,  the  National  Key  Basic  Research 
Program  of  China  (2009CB930200),  the  Chinese  Academy  of 
Sciences  (CAS)  “Hundred  Talents  Program”  (07165111ZX),  the 
CAS  Knowledge  Innovation  Program  and  the  State  High-Tech 
Development  Plan  (2012AA020804).  This  work  was  also  supported 
in  part  by  NIH/NIMHD  8  G12  MD007597,  and  USAMRMC 
W81XWH-10-1-0767  grants. 

Notes  and  references 

1  H.  Qian,  M.  Zhu,  Z.  Wu  and  R.  Jin,  Acc.  Chem.  Res. ,  2012, 
45,  1470. 

2  J.  Li,  X.  Zhong,  F.  Cheng,  J.-R.  Zhang,  L.-P.  Jiang  and 

J. -J.  Zhu,  Anal.  Chem.,  2012,  84,  4140. 

3  X.  Wu,  X.  He,  K.  Wang,  C.  Xie,  B.  Zhou  and  Z.  Qing, 
Nanoscale,  2010,  2,  2244. 

4  M.  Zhu,  E.  Lanni,  N.  Garg,  M.  E.  Bier  and  R.  Jin,/.  Am.  Chem. 
Soc.,  2008,  130,  1138. 

5  R.  Jin,  Nanoscale,  2010,  2,  343. 

6  L.  Maretti,  P.  S.  Billone,  Y.  Liu  and  J.  C.  Scaiano,  J.  Am. 
Chem.  Soc.,  2009,  131,  13972. 

7  J.  Xie,  Y.  Zheng  and  J.  Y.  Ying,  /.  Am.  Chem.  Soc.,  2009, 
131,  888. 

8  C.  I.  Richards,  S.  Choi,  J.-C.  Hsiang,  Y.  Antolcu,  T.  Vosch, 

A.  Bongiorno,  Y.-L.  Tzeng  and  R.  M.  Dickson,  J.  Am.  Chem. 
Soc.,  2008,  130,  5038. 

9  X.  Le  Guevel,  C.  Spies,  N.  Daum,  G.  Jung  and  M.  Schneider, 
Nano  Res.,  2012,  5,  379. 

10  J.  Sharma,  R.  C.  Rocha,  M.  L.  Phipps,  H.  C.  Yeh, 

K.  A.  Balatsky,  D.  M.  Vu,  A.  P.  Shreve,  J.  H.  Werner  and 
J.  S.  Martinez,  Nanoscale,  2012,  4,  4107. 

11  L.  Shang,  S.  Dong  and  G.  U.  Nienhaus,  Nano  Today,  2011, 
6,  401. 


Paper 

M.  Zhu,  E.  Lanni,  N.  Garg,  M.  E.  Bier  and  R.  Jin,/.  Am.  Chem. 
Soc.,  2008,  130,  1138. 

Bioinorganic  Chemistry,  ed.  A.  X.  Trautwein,  Wiley-VCH, 
Weinheim,  1997. 

G.  Aragay,  J.  Pons  and  A.  Merkoci,  Chem.  Rev.,  2011, 
111,  3433. 

T.  W.  Clarkson  and  L.  Magos,  CRC  Crit.  Rev.  Toxicol.,  2006, 
36,  609. 

M.  Knecht  and  M.  Sethi,  Anal.  Bioanal.  Chem.,  2009,  394,  33. 
T.  W.  Clarkson,  L.  Magos  and  G.  J.  N.  Myers,  JV.  Engl.  J.  Med. , 
2003,  349,  1731. 

E.  L.  Que,  D.  W.  Domaille  and  C.  J.  Chang,  Chem.  Rev.,  2008, 
108,  1517-1549;  M.  Liu,  H.  Zhao,  S.  Chen,  H.  Yu,  Y.  Zhang 
and  X.  Quan,  Chem.  Commun.,  2011,  47,  7749. 

Y.-W.  Lin,  C.-C.  Huang  and  H.-T.  Chang,  Analyst,  2011, 136,  863. 
Y.  Guo,  Z.  Wang,  H.  Shao  and  X.  Jiang,  Analyst,  2012, 
137,  301. 

H.  Wang,  Y.  Wang,  J.  Jin  and  R.  Yang,  Anal.  Chem.,  2008, 
80,  9021. 

J.  Wang  and  B.  Liu,  Chem.  Commun.,  2008,  4759; 
M.  Pramanik  and  A.  Bhaumilc,  Chem.-Eur.  ].,  2013, 19,  8507. 
E.  G.  Gwinn,  P.  O’Neill,  A.  J.  Guerrero,  D.  Bouwmeester  and 
D.  K.  Fygenson,  Adv.  Mater.,  2008,  20,  279. 

S.  Link,  A.  Beeby,  S.  FitzGerald,  M.  A.  El-Sayed,  T.  G.  Schaaff 
and  R.  L.  Whetten,/  Phys.  Chem.  B,  2002,  106,  3410. 

T.  Huang  and  R.  W.  Murray,  J.  Phys.  Chem.  B,  2001, 
105,  12498. 

B.  Adhikari  and  A.  Banerjee,  Chem.  Mater.,  2010,  22,  4364. 

C.  C.  Huang,  Z.  Yang,  K.  H.  Lee  and  H.  T.  Chang,  Angew. 
Chem.,  2007,  119,  6948. 

C.-K.  Chiang,  C.-C.  Huang,  C.-W.  Liu  and  H.-T.  Chang,  Anal. 
Chem.,  2008,  80,  3716. 

J.  Du,  M.  Liu,  X.  Lou,  T.  Zhao,  Z.  Wang,  Y.  Xue,  J.  Zhao  and 

Y.  Xu,  Anal.  Chem.,  2012,  84,  8060. 

H.  Xu,  X.  Zhu,  H.  Ye,  L.  Yu,  X.  Liu  and  G.  Chen,  Chem. 
Commun.,  2011,  47,  12158. 

Z.  Zhu,  L.  Xu,  X.  Zhou,  J.  Qin  and  C.  Yang,  Chem.  Commun., 
2011,  47,  8010. 


12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 


This  journal  is  ©The  Royal  Society  of  Chemistry  and  the  Centre  National  de  la  Recherche  Scientifique  2014 


New  J.  Chem. 


Supporting  Information 


Highly  Sensitive  Simultaneous  Detection  of  Mercury  and  Copper 

Ions  by  Ultrasmall  Fluorescent  DNA-Ag  Nanoclusters 

Shengliang  Li,3'b’*  Weipeng  Cao,3’*  Anil  Kumar, a  Shubin  Jin,a  Yuanyuan  Zhao,3 
Chunqiu  Zhang,3  Guozhang  Zou,a  Paul  C.  Wang,c  Feng  Li,b’#  Xing-Jie  Liang3’ # 

a  Laboratory  of  Nanomedicine  and  Nanosafety,  Division  of  Nanomedicine  and  Nanobiology, 
National  Center  for  Nanoscience  and  Technology  of  China,  and  CAS  Key  Laboratory  for 
Biomedical  Effects  of  Nanomaterials  and  Nanosafety,  Chinese  Academy  of  Sciences,  Beijing, 
100190,  China. 

b  Department  of  Neurobiology  and  Anatomy,  Zhongshan  School  of  Medicine,  Sun  Yat-sen 
University,  Guangzhou,  China 

c  Laboratory  of  Molecular  Imaging,  Department  of  Radiology,  Howard  University, Washington 
DC  20060,  USA 

*  These  authors  contributed  equally  to  this  work 

#  To  whom  correspondence  should  be  addressed: 

Corresponding  author.  (Xing-Jie 
Liang) 

Co-corresponding  authors.  .(Feng  Li) 

E-mail  addresses:  liangxj@nanoctr.cn  (Xing-Jie  Liang),  lifeng@mail.sysu.edu.cn 
(Feng  Li). 


Fig.  SI  Energy-dispersive-X-ray  spectroscopy  (EDX)  experiments  confirm  the 
presence  of  elemental  Ag  in  DNA-Ag  NC  samples 
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Fig.  S2  Fluorescence  decay  curves  of  DNA-Ag  NCs  in  the  absence  (red)  and  presence 
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of  Hg  (1  pM,  green)  and  Cu  (1  pM,  blue),  and  the  corresponding  fit  curves. 


Fig.  S3  The  DNA-Ag  NC  sensor  system  can  be  renewed  using  EDTA. 
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samples  by  ICP-MS  analysis. 
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Thanks  to  developments  in  the  field  of  nanotechnology  over  the  past  decades,  more  and  more  biosafe  nanoscale  mate¬ 
rials  have  become  available  for  use  as  pharmaceutical  adjuvants  in  medical  research.  Nanomaterials  possess  unique 
properties  which  could  be  employed  to  develop  drug  carriers  with  longer  circulation  time,  higher  loading  capacity,  bet¬ 
ter  stability  in  physiological  conditions,  controlled  drug  release,  and  targeted  drug  delivery.  In  this  review  article,  we  will 
review  recent  progress  in  the  application  of  representative  organic,  inorganic  and  hybrid  biosafe  nanoscale  materials  in 
pharmaceutical  research,  especially  focusing  on  nanomaterial-based  novel  drug  delivery  systems.  In  addition,  we  briefly 
discuss  the  advantages  and  notable  functions  that  make  these  nanomaterials  suitable  for  the  design  of  new  medicines; 
the  biosafety  of  each  material  discussed  in  this  article  is  also  highlighted  to  provide  a  comprehensive  understanding  of 
their  adjuvant  attributes. 

KEYWORDS:  Drug  Delivery,  Adjuvant  Nanomaterials,  Biosafe,  Multifunction,  Nanoparticle,  Controlled  Release. 
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INTRODUCTION 

Nanoscale  materials,  as  a  new  class  of  pharmaceutical 
adjuvants,  have  provided  many  strategies  for  designing 
and  fabricating  novel  medicines  with  a  variety  of  advan¬ 
tages  over  conventional  medicines.1-4  In  the  past  decades, 
numerous  adjuvant  materials  were  developed  for  drug 
delivery  but  few  of  them  went  further  to  clinical  use. 
There  are  several  reasons  for  this  uncomfortable  fact  and 
we  summarize  these  challenges  in  designing  biosafe  and 
efficient  drug  delivery  systems  as:  (1)  Inherent  toxic¬ 
ity  of  adjuvant  materials;  (2)  Drug  leakage  takes  place 
before  reaching  the  lesion;  (3)  The  unfavorable  phar¬ 
macokinetics,  such  as  rapid  elimination  and  poor  sta¬ 
bility  in  blood  environment;  (4)  The  non-targeted  drug 
delivery  in  vivo.  Therefore,  the  desired  characteristics 
of  pharmaceutical  adjuvants  are  as  shown  in  Figure  1. 
First,  the  adjuvant  materials  should  be  non-toxic  as  they 
are  selected  with  an  aim  toward  human  health  care. 
Meanwhile,  stimulus-responsive  materials  that  can  provide 
controllable  drug  release  are  preferred.  Drugs  could  be 
protected  by  the  adjuvants  through  encapsulation,  inte¬ 
gration,  or  conjugation  before  they  reach  the  disease 
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site.  After  administration,  adjuvants  and  drugs  should 
be  stable  in  physiological  environment,  avoiding  from 
aggregation  and  reticuloendothelial  system  (RES)  clear¬ 
ance.  Surface  coating  and  modification  of  drug-loaded 
nanoparticles,  such  as  PEGylation,  can  improve  their  sta¬ 
bility,  resulting  in  a  longer  circulation  time.5,6  Finally, 
targeted  drug  delivery,  both  active  targeting  by  target¬ 
ing  ligands  and  passive  targeting  by  taking  advantage 
of  the  enhanced  permeability  and  retention  (EPR)  effect 
(an  effect  that  nano-sized  particles  and  macromolecule 
drugs  tend  to  accumulate  in  tumor  site  rather  than  in 
normal  tissue  due  to  hypervasculature  and  little  recovery 
of  tumor  blood/lymphatic  vessels),  are  desired  in  phar¬ 
maceutical  research.7,8  Although  nanomaterial’s  biosafety 


remains  controversial  and  bioeffect  mechanism  needs  fur¬ 
ther  study,  their  unique  attributes,  such  as  controllable 
size  and  shape,9-11  alternative  surface  modification,12-14 
high  surface  area  to  volume  ratio  and  environmentally- 
responsive  structural  deformation,15-17  still  attract  great 
interest  from  researchers  and  have  enabled  them  to  design 
new  medicines  with  more  functions,  including  controlled 
release  of  drugs  in  specific  physiological  environments, 
targeted  delivery  of  drugs  to  lesions,  longer  circulation 
time,  and  better  loading  efficiency  of  insoluble  drugs.18-21 

Higher  accumulation  of  small  anticancer  drug  molecules 
in  the  tumor  site  can  be  achieved  by  encapsulating  the  drug 
into  nanocarriers,  because  nanoparticles  show  preferred 
retention  in  tumor  as  a  result  of  EPR  effect.22' 23  Targeted 
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Figure  1.  The  desired  characteristics  of  a  multifunctional  nanosystem  composed  of  nanoscale  pharmaceutical  adjuvant  materi¬ 
als.  (A)  The  materials  should  be  non-toxic  to  satisfy  biosafety  criteria  and  responsive  to  stimuli  for  triggered  release  of  drugs. 
(B)  Drugs  should  be  carefully  protected  before  they  reach  the  disease  site.  (C)  The  drug  vehicle  should  be  stable  in  the  phys¬ 
iological  environment  and  resistant  to  clearance.  (D)  By  conjugating  with  targeting  ligands,  active  targeting  can  be  achieved. 
Meanwhile,  passive  targeting  can  be  realized  by  controlling  the  size  of  the  multifunctional  nanosystem. 


drug  delivery  can  be  achieved  by  modifying  the  sur¬ 
face  shell  of  drug-loaded  nanocarriers  with  ligands  which 
specifically  bind  to  disease  markers.  Figure  2  illustrates  the 
EPR  effect  and  targeted  delivery  of  nanoparticles,  in  this 


case  anticancer  drug  doxorubicin  (DOX)-encapsulated 
micelles,  in  vitro  and/n  vivo.24  The  non-functionalized 
micelles  (M-Dox)  showed  accumulation  in  tumor  tissue 
as  a  result  of  EPR  effect.  This  nanoparticle  was  then 


Figure  2.  Passive  and  active  targeting  of  nanoparticles.  M-Dox:  non-functionalized  Dox-encapsulated  micelle;  TPFM-Dox:  tumor- 
penetrating  peptide  functionalized  Dox-encapsulated  micelle.  The  shade  of  color  in  the  images  stands  for  the  amount  of  nanopar¬ 
ticles  in  tumors  and  in  cells.  Reprinted  with  permission  from  [24],  T.  Wei,  et  al.,  Functionalized  nanoscale  micelles  improve  drug 
delivery  for  cancer  therapy  in  vitro  and  in  vivo.  Nano  Lett.  13,  2528  (2013).  ©  2013,  American  Chemical  Society. 
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functionalized  with  tumor-penetrating  peptide  CRGDK, 
the  receptor  of  which  are  known  as  neuropilin-1  (NRP-1) 
protein  and  are  expressed  by  tumor  vessel  and  by  various 
human  carcinoma  cells.25-28  The  tumor-penetrating  pep¬ 
tide  functionalized  micelles  (TPFM-Dox)  are  internalized 
more  efficiently  and  exhibit  better  accumulation  and  pen¬ 
etration  in  tumor.  By  grafting  small  drug  molecules  into 
nanocarriers  (nanoparticles,  nanorods,  nanocages  etc.),  it  is 
possible  to  realize  a  higher  loading  capacity,  and  also 
to  deliver  insoluble  drugs.29,30  Moreover,  nanomaterials 
can  be  designed  to  release  payloads  triggered  by  environ¬ 
mental  changes.  In  cancer  treatment,  the  slightly  altered 
acidic  tumor  microenvironment  can  be  used  to  trigger 
drug  release.31,32  These  strategies  can  help  to  optimize  the 
biodistribution  of  anticancer  drugs,  so  that  more  drug  accu¬ 
mulates  in  the  tumor  while  less  is  located  in  the  normal 
organs  and  the  anticancer  efficacy  is  improved  with  less 
unwanted  side  effects.  If  all  these  features  can  be  com¬ 
bined  in  one  nanoparticle  system,  a  delivery  system  could 
be  generated  which  acts  as  a  multifunctional  drug  delivery 
system. 

Traditional  medical  research  has  focused  on  finding  and 
screening  new  chemical  entities  (NCEs),  with  the  aim 
of  curing  the  disease  with  one  new  drug.  However,  this 
method  is  expensive,  time  consuming,  and  full  of  unknown 
risks;  in  addition,  the  efficiency  is  very  low.  It  usually  takes 
more  than  10  years,  and  thousands  of  candidates  were 
tested.  It  is  possible  that  only  one  chemical  entity  will  gain 
access  to  the  market.  Some  of  the  eliminated  compounds 
may  have  had  better  efficacy  than  the  final  winner,  but 
severe  side  effect  or  poor  biodistribution  prevented  them 
from  completing  the  screening  process.  Even  the  winner 
may  have  fatal  drawbacks,  like  Paclitaxel  (PTX).  Due  to 
its  poor  solubility  in  water,  it  was  first  sold  in  a  formu¬ 
lation  employing  Cremophor  EL  and  ethanol  as  solvents, 
which  caused  serious  side  effects  in  patients.33  It  was  later 
discovered  that  PTX  and  albumin  could  form  nanoparticles 
in  solution,  and  the  efficacy  was  greatly  improved  without 
significant  side-effects.34, 35  Thus,  nanomaterial-based  for¬ 
mulation  can  be  used  to  increase  the  efficacy  of  chemother¬ 
apeutic  agents  and  reduce  the  side-effects. 

Biosafety  is  a  major  issue  in  the  design  of  novel 
drugs  and  researchers  must  give  careful  consideration  to 
this  when  developing  nanoscale  materials  for  medical 
research.  The  physicochemical  properties  of  nanoparticles, 
such  as  size,  shape,  charge,  colloidal  stability,  and  their 
interaction  with  environmental  compounds,  are  related 
to  their  potential  toxicity.36-39  When  nanotechnology  was 
first  emerging  in  the  1980s,  the  biosafety  of  nanomate¬ 
rials,  including  genotoxic  and  cytotoxic  effects,  toxicity 
to  the  immune  system,  in  vivo  biodistribution  and  clear¬ 
ance,  and  the  long-term  effects  of  treatment,  was  unclear 
and  more  studies  were  needed  to  prove  that  nanomaterials 
are  biocompatible  and  biosafe.40, 41  Biodegradable  and  bio¬ 
genic  nanoscale  materials,  such  as  proteins,  nucleic  acids, 
and  phospholipids,  are  commonly  used  as  pharmaceutical 


adjuvants.  The  two  Food  and  Drug  Administration  (FDA) 
approved  nanomaterial-based  drug  formulations,  Doxil® 
and  Abraxane®,  employed  organic  nanomaterials  (lipid  in 
Doxil®  and  protein  in  Abraxane®).42,43  However,  some 
of  them  may  cause  immune  response  (especially  extrin¬ 
sic  proteins)  and  should  be  tested  before  clinical  use. 
Inorganic  nanomaterials,  like  silica  and  gold,  are  also 
employed  as  pharmaceutical  adjuvants  in  research  because 
there  is  evidence  that  they  are  biosafe.44  However,  inor¬ 
ganic  materials  undergo  biodegradation  issue  and  clear¬ 
ance  problem,  and  much  research  focusing  on  these  two 
aspects  has  been  done.45-47  How  does  inert  materials, 
such  as  gold  and  carbon,  are  degraded  and  cleared  from 
body  is  the  major  concern  before  their  clinical  applica¬ 
tion.  Some  research  work  also  implied  that  some  inorganic 
nanomaterials  would  cause  genomic  instability,  inflamma¬ 
tory  response,  and  protein  phosphorylation.48-50  In  conclu¬ 
sion,  both  organic  and  inorganic  nanomaterials  have  their 
advantages  and  drawbacks  when  considering  biosafety 
issue.  Neither  of  them  should  be  neglected  when  talk¬ 
ing  about  biosafe  nanomaterials.  The  concept  “biosafe”  in 
this  review  does  not  mean  “no  harm  at  all,”  but  indicates 
that  the  nanomaterials  we  talked  about  are  with  low  toxi¬ 
city  and  immunogenicity,  would  not  cause  severe  damage 
in  vivo  at  their  applicable  dose,  and  have  acquired  recog¬ 
nition  as  potential  pharmaceutical  adjuvants  from  most 
researchers. 

In  this  article,  we  will  review  recent  progress  in  biosafe 
nanomaterial-based  pharmaceutical  research,  using  rep¬ 
resentative  organic,  inorganic  and  hybrid  materials  as 
examples  (Fig.  3).  We  also  highlight  the  advantages  and 
remarkable  functions  that  make  these  nanomaterials  ideal 
for  use  in  medicine  design. 


Figure  3.  Representative  biosafe  nanoscale  pharmaceutical 
adjuvant  materials. 
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ORGANIC  NANOSCALE  MATERIALS 
EMPLOYED  FOR  PHARMACEUTICAL 
DEVELOPMENT 
Polymers 

Polymers  are  an  important  class  of  nanomaterial  in  the 
nanomedicine  field  due  to  their  ability  to  encapsulate 
and  protect  cargoes  and  to  respond  to  specific  extrin¬ 
sic  stimuli.51-53  They  have  been  widely  used  in  biomed¬ 
ical  research,  in  applications  such  as  drug  delivery,54, 55 
gene  therapy,56-58  cell  imaging,59, 60  and  cancer  diagnosis.61 
Polymers  can  be  classified  into  two  categories,  natural 
polymer  and  synthetic  polymer,  both  of  which  are  impor¬ 
tant  pharmaceutical  adjuvant  materials.  Chemical  struc¬ 
tures  of  frequently  used  polymers  in  nanomedicine  design 
are  listed  in  Figure  4. 

Natural  Polymers 

Biocompatible  natural  polymers  have  attracted  great  atten¬ 
tions  of  researchers,  since  they  have  many  advantages 
such  as  low  toxicity  and  biodegradability.62, 63  The  most 
widely  studied  polymers  among  them  are  chitosan  and 
its  derivatives.  And  in  order  to  achieve  various  functions. 


many  modifications  have  been  applied  on  the  natural 
polymers.64 

Chitosan.  Chitosan,  a  natural  linear  polysaccharide,  has 
been  used  to  synthesize  nanoparticles  for  drug  delivery  and 
tissue  engineering  due  to  its  superior  biocompatibility  and 
versatile  chemical  properties.65-68  Chitosan  nanoparticles 
will  degrade  into  non-toxic  compounds  under  the  effect 
of  lysozyme.  These  naturally  synthesized  biomaterials  are 
biocompatible  and  biodegradable  and  are  relatively  easy 
to  obtain  at  low  cost.69  Chitosan  nanoparticles  can  also 
be  designed  to  load  hydrophobic  agents  by  introducing 
hydrophobic  molecules  to  chitosan.  Therefore,  chitosan- 
based  nanoparticles  have  been  employed  for  delivery 
of  several  protein  drugs  and  anticancer  chemical  drugs, 
including  insulin,70  DOX,71  cisplatin,72  and  docetaxel.73 
However,  chitosan  is  only  soluble  in  acidic  solvents, 
resulting  in  the  instability  of  nanoparticles  in  neutral 
or  alkaline  conditions.74,75  Fortunately,  chitosan  provides 
chemical  functional  groups  which  make  chemical  modifi¬ 
cation  on  chitosan  possible.  A  chemical  modified  chitosan, 
N - i  m i d az o I y  1  - O - c a r b o x y m e t h y I  chitosan  (IOCMCS),  was 
introduced  by  Bi  and  co-workers  to  improve  the  solubility 


Figure  4.  Chemical  structures  of  representative  polymers  and  cyclodextrins  as  pharmaceutical  adjuvant  materials. 
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of  chitosan  in  water  and  make  the  IOCMCS-formed 
nanoparticle  positively  charged.76  Under  the  N/P  ratio  of 
5,  IOCMCS  could  efficiently  bound  with  plasmid  DNA. 
It  also  showed  higher  transfection  efficiency  and  lower 
cytotoxicity  compared  to  polyethyleneimine  (PEI)  and 
Lipofectamine™  2000.  This  work  is  one  of  the  various 
successful  attempts  to  make  chemical  modification  of  chi¬ 
tosan  to  break  the  obstacle  of  solubility  and  made  it 
a  promising  material  in  the  field  of  medicine  research. 
Another  interesting  work  reported  by  Zhang  et  al.  recently 


suggested  a  new  application  of  chitosan.77  A  modified  chi¬ 
tosan,  A-octyl-  O-sulfate  chitosan  (NOSC),  was  applied 
to  assemble  into  micelle  for  PTX  loading.  According  to 
previous  report,  NOSC  was  possible  to  inhibit  the  key 
drug  resistance-related  protein  P-glycoprotein  (P-gp,  also 
known  as  MDR-1).78-80  Thus,  PTX-encapsulated  NOSC 
micelle  (PTX-M)  could  deliver  PTX  into  cells  bypass¬ 
ing  P-gp.  After  internalization,  NOSC  micelle  disassem¬ 
bled  and  inhibited  P-gp  function,  improving  PTX  retention 
in  cells  (Fig.  5(A)).  Anticancer  efficacy  towards  HepG2 
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Figure  5.  A  chitosan-based  micelle  that  can  overcome  drug  resistance  of  HepG2  cells.  (A)  Scheme  of  P-gp  inhibition  of  NOSC 
and  P-gp  bypassing  of  PTX.  (B)  Cellular  uptake  of  different  PTX  formulations  in  HepG2  and  HepG2-P  cells.  (C)  Cytotoxicity 
evaluation  of  different  PTX  formulations  toward  HepG2-P  cells  after  48  h  treatment.  (D)  Tumor  weights  of  HepG2-P  xenograft 
mice  model  after  different  PTX  formulation  treatment  at  day  21.  (E)  H&E  stained  tumor  sections  after  the  treatment  at  day  21. 
(F)  PTX  accumulation  in  tumor  tissue  after  intravenous  injection  of  different  PTX  formulations  into  Heps  and  Heps-P  tumor¬ 
bearing  mice.  Reprinted  with  permission  from  [77],  X.  Jin,  et  al.,  Paclitaxel-loaded  /V-octyl-O-sulfate  chitosan  micelles  for  superior 
cancer  therapeutic  efficacy  and  overcoming  drug  resistance.  Mol.  Pharm.  11,  145  (2014).  ©  2014,  American  Chemical  Society. 
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cell  and  drug  resistance  cell  HepG2-P  of  different  PTX 
formulations,  including  taxol  (PTX  dissolved  in  Cre- 
mophor  EL  and  ethanol),  taxol  +  NOSC  (physical  mix¬ 
ture  of  taxol  and  NOSC),  and  PTX-M,  was  assessed 
in  vitro  and  in  vivo.  Cytotoxicity  evaluation  result  indi¬ 
cated  that  PTX-M  possessed  the  best  cell  killing  effi¬ 
cacy  in  HepG2-P  cells  with  the  lowest  half  maximal 
inhibitory  concentration  (IC  50)  (0.55  /ig/mL).  Mean¬ 
while,  IC  50  of  PTX  was  16.39  /rg/mL  (Fig.  5(C)). 
PTX-M  also  exhibited  the  best  tumor  growth  inhibition 
efficacy  in  vivo  as  tumor  growth  was  significantly  con¬ 
trolled  after  PTX-M  injection  (Figs.  5(D),  (E)).  Further 
study  of  PTX  accumulation  in  cells  and  tumors  of  dif¬ 
ferent  formulations  revealed  that  PTX-M  could  increase 
the  amount  of  PTX  in  cells  and  tumor  tissues  which  may 
be  a  result  of  the  dysfunction  of  P-gp  (Figs.  5(B),  (F)). 


Therefore,  drug  resistance  of  HepG2-P  cell  was  success¬ 
fully  overcome  in  vitro  and  in  vivo  by  encapsulating  PTX 
into  P-gp  inhibiting  chitosan  derivative  NOSC.  NOSC  in 
this  work  is  a  P-gp  inhibitor  as  well  as  a  drug  carrier. 
More  interesting  work  could  be  developed  basing  on  this 
material. 

Synthetic  Polymers 

Compared  to  natural  ones,  synthetic  polymers  are  more 
designable,  and  can  also  be  biocompatible  by  using  appro¬ 
priate  compounds  while  synthesizing.81-82  The  method  of 
synthesizing  can  be  various,  such  as  polymerization,  cova¬ 
lently  binding,  and  physical  assembly.  Optimizing  poly¬ 
mers  to  be  more  functional  and  biocompatible  is  now 
the  most  important  research  field  of  polymer  science  and 
attracts  many  scientists’  attentions.83-85 
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Figure  6.  PEG-protected  nanoparticles  with  improved  pharmacokinetics.  (A)  Structure  of  the  PEG-PLGA  copolymer.  (B)  Blood 
clearance  curves  of  l125-labeled  BSA  in  PEG-PLGA  and  PLGA  nanoparticles.  (C)  Tissue  distribution  of  l125-labeled  BSA  at  12  h  in 
PEG-PLGA  and  PLGA  nanoparticles.  Reprinted  with  permission  from  [89],  Y.-P.  Li,  et  al.,  PEGylated  PLGA  nanoparticles  as  pro¬ 
tein  carriers:  Synthesis,  preparation  and  biodistribution  in  rats.  J.  Control  Release  71,  203  (2001).  ©  2001,  Elsevier.  (D)  Molecular 
schematic  of  PEG  coating  on  NR  surface  and  stability  of  NRs  in  water  and  serum.  (E)  Blood  clearance  curves  of  PEG-protected 
Au  NRs.  (F)  Thermal  imaging  of  PEG-protected  Au  NRs  in  tumor  tissue  72  h  post  intravenous  injection.  Reprinted  with  permission 
from  [90],  G.  von  Maltzahn,  et  al.,  Computationally  guided  photothermal  tumor  therapy  using  long-circulating  gold  nanorod  anten¬ 
nas.  Cancer  Res.  69,  3892  (2009).  ©  2009,  American  Association  for  Cancer  Research.  (G)  SWNTs  coated  with  PMHC18-mPEG. 
(H)  Blood  circulation  curves  of  different  PEG-coated  SWNTs.  (I)  Blood  circulation  half-lives  of  different  PEG-coated  SWNTs. 
Reprinted  with  permission  from  [91],  G.  Prencipe,  et  al.,  PEG  branched  polymer  for  functionalization  of  nanomaterials  with  ultra- 
long  blood  circulation.  J.  Am.  Chem.  Soc.  131,  4783  (2009).  ©  2009,  American  Chemical  Society.  (J)  Schematic  representation  of 
PEG-protected  QD  containing  silica  particle.  (K)  Fluorescence  intensity  of  blood  samples  taken  at  different  time  points  (indicated 
in  minutes).  (L)  Biodistribution  analysis  of  bare  and  PEG-protected  particle  by  cadmium  (Cd,  a  component  of  the  QD)  quan¬ 
tification.  Reprinted  with  permission  from  [92],  M.  M.  van  Schooneveld,  et  al.,  Improved  biocompatibility  and  pharmacokinetics 
of  silica  nanoparticles  by  means  of  a  lipid  coating:  A  multimodality  investigation.  Nano  Lett.  8,  2517  (2008).  ©  2008,  American 
Chemical  Society.  (M)  Schematic  structure  of  the  PEGylated  silica  nanoparticle.  (N)  Nonspecific  protein  adsorption  of  protein 
on  naked  and  PEG-protected  silica  nanoparticles  after  incubation  with  protein  solution.  (O)  FTIR  spectra  of  naked  and  PEG- 
protected  silica  nanoparticles  after  incubation  with  5%  serum  solution.  Reprinted  with  permission  from  [93],  B.  Thierry,  et  al., 
Electrostatic  self-assembly  of  PEG  copolymers  onto  porous  silica  nanoparticles.  Langmuir  24,  8143  (2008).  ©  2008,  American 
Chemical  Society. 


PEG  and  Its  Derivatives.  Polyethylene  glycol  (PEG) 
is  another  important  pharmaceutical  adjuvant  in  the 
nanomedicine  research  field.  Most  unmodified  nano¬ 
structures,  such  as  liposomes,  micelles,  and  nanocrystals, 
usually  have  a  high  rate  of  uptake  by  the  RES,  lead¬ 
ing  to  significant  accumulation  of  nanomaterials  in  the 
liver  and  spleen.86  PEGylation,  the  process  of  cova¬ 
lently  attachment  of  PEG  to  another  molecule,  can 
increase  the  hydrodynamic  size  of  nanoparticles  and  hin¬ 
der  the  interaction  between  nanoparticles  and  plasma 
proteins,  resulting  in  reduced  immunogenicity.  Nanoparti¬ 
cles  will  then  show  improved  biocompatibility,  with  ultra- 
long  circulation  times  and  high  water  solubility  after 
PEGylation.87  Nowadays,  many  PEGylated  medicines, 
especially  PEG-liposomes  and  PEG-proteins,  have  got 
their  FDA  approval  because  of  prolonged  circulation 
time  and  reduced  immunogenicity.88  Figure  6  summarized 
several  PEG-protected  nanoparticles  with  improved  phar¬ 
macokinetics.  PEG  was  conjugated  with  another  FDA- 
approved  adjuvant  materials,  poly(lactic-co-glycolic  acid) 
(PLGA),  and  reported  by  Pei  and  co-workers.89  Re¬ 
labeled  bovine  serum  albumin  (BSA)  was  loaded  in  PEG- 
PLGA  and  PLGA  nanoparticles  to  trace  circulation  and 
biodistribution  of  two  nanoparticles  in  vivo.  The  PEG- 
PLGA  nanoparticle  exhibited  longer  blood  circulation  time 
than  PLGA  nanoparticle.  Moreover,  PEG-PLGA  nanopar¬ 
ticles  remained  a  much  higher  concentration  in  blood 
than  PLGA  nanoparticle  12  h  after  intravenous  injection 


(Figs.  6(A)-(C)).  PEG  is  also  important  surface  coat¬ 
ing  agent  of  inorganic  nanomaterials.  PEG-protected  gold 
nanorods  (Au  NRs)  obtained  by  replacing  CTAB  with 
methyl-PEG  thiol  were  stable  in  serum,  while  CTAB- 
protected  Au  NRs  aggregated.90  Blood  clearance  test 
showed  that  PEG-protected  Au  NRs  has  a  very  high  half- 
life  of  ~  17  h.  72  h  after  intravenous  injection,  PEG-Au 
NRs  were  still  visible  in  tumor  site  by  thermal  imaging 
(Figs.  6(D)-(F)).  In  another  work,  Dai  et  al.  functionalized 
single-walled  carbon  nanotubes  (SWNTs)  with  a  branched 
PEG  polymer,  named  as  PMHC18-mPEG.91  The  blood  cir¬ 
culation  time  of  PEG  polymer-protected  SWNTs  in  mice 
upon  intravenous  injection  was  greatly  prolonged  (tl/2  = 
22.1  h)  compared  to  the  previous  record  (tl/2  =  5.4  h). 
The  PMFlC18-mPEG  was  also  compared  with  DSPE-PEG 
in  SWNT  protection  in  vivo  and  PMHC18-mPEG-coated 
SWNT  showed  longer  half-life  in  blood  (Figs.  6(G)— (I)). 
PEG  holds  great  potential  in  imaging  probe  protection 
in  vivo.  Mulder  et  al.  investigated  the  biocompatibility 
and  pharmacokinetics  of  quantum  dots  (QDs,  an  impor¬ 
tant  imaging  probe)  containing  silica  nanoparticles  after 
PEG  coating.92  Both  bare  and  PEG-coated  nanoparti¬ 
cles  were  injected  into  mice  and  blood  sample  were 
obtained  several  minutes  after  injection.  Then  fluores¬ 
cence  intensity,  resulting  from  QDs,  was  determined  and 
the  results  showed  that  bare  nanoparticles  were  rapidly 
cleared  from  blood.  Meanwhile,  PEG-coated  nanoparticles 
remained  in  blood  and  exhibited  fluorescence  signal  even 
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240  min  post  injection.  Biodistribution  analysis  demon¬ 
strated  that  less  PEG-coated  nanoparticles  were  uptake 
by  RES  organ  than  bare  nanoparticles  (Figs.  6(J)-(L)). 
Reduced  adsorption  of  protein  on  PEG  corona  is  the  main 
mechanism  of  PEG  protection.  Griesser  et  al.  provide 
some  evidence  to  support  this  viewpoint.93  Nonspecific 
adsorption  of  proteins  on  naked  and  PEG-protected  sil¬ 
ica  nanoparticles  was  determined  by  X-ray  photoelectron 
spectroscopy  (XPS)  and  Fourier  transform  infrared  spec¬ 
troscopy  (FTIR)  analysis,  and  the  results  confirmed  that 
protein  was  hardly  adsorbed  by  PEG-protected  nanoparti¬ 
cles  (Figs.  6(M)-(0)). 

PLA  and  Its  Derivatives.  Poly(lactic  acid)  (PLA)  and 
PLGA  are  the  most  widely  used  polymers  as  they  have 
been  approved  by  the  FDA.94,95  PLA-  and  PLGA-based 
nanocarriers  were  developed  to  deliver  various  drugs;96,97 
however,  the  rapid  burst  of  cargo  release  without  any 
specificity  limited  further  in  vivo  application  due  to  the 
low  drug  concentration  at  the  desired  site.98,99  Thus,  sub¬ 
sequent  work  focused  on  improving  the  specific  release  of 
drugs  at  the  disease  site  by  linking  drug  release  with  a  spe¬ 
cific  biological  process.  Scientists  have  now  successfully 
synthesized  polymeric  nanoparticles  which  are  responsive 
to  specific  external  stimuli,  such  as  light,100  temperature,101 
and  ultrasound,102  especially  to  inherently  occurred  low  pH 
in  tumor  microenvironment  and  endosome.103  Compared  to 


the  neutral  pH  in  healthy  tissues,  the  lower  pH  in  the  tumor 
microenvironment  and  in  endosomes  can  be  exploited  so 
that  nanoparticles  release  their  drug  payloads  in  the  right 
place.104  The  most  widely  used  strategy  to  design  pH- 
responsive  polymeric  nanoparticles  is  to  introduce  a  proto¬ 
nation  group,  such  as  carboxylic  acids  and  tertiary  amines, 
into  the  polymer  structure  which  can  be  ionized  at  differ¬ 
ent  pH  values.  Another  strategy  to  achieve  pH-responsive 
polymeric  structures  is  to  use  acid-labile  functional  groups 
which  can  be  hydrolyzed  to  reveal  a  new  hydrophilic  group; 
the  polymer  then  becomes  water-soluble  and  the  nanopar¬ 
ticle  structure  decomposes,  thus  releasing  the  loaded  agent. 
For  example,  Frechet  et  al.  synthesized  acetal-derivatized 
dextran-based  particles  which  degraded  in  a  pH-dependent 
manner  (Fig.  7(A)).105  At  pH  7.4,  the  nanoparticles  pos¬ 
sessed  a  half-life  of  360  h,  as  judged  by  measuring  free  dex- 
tran,  but  when  the  pH  was  adjusted  to  5,  the  nanoparticles 
became  unstable  and  the  half-life  decreased  to  10  h.  The 
ultra-long  half-life  at  neutral  pH  and  significantly  decreased 
stability  at  acidic  pH  are  ideal  for  pH- sensitive  drug  deliv¬ 
ery.  Nanoparticles  would  be  extremely  stable  in  normal  tis¬ 
sue  and  response  sensitively  once  they  get  to  the  disease 
site.  Another  merit  of  this  approach  is  that  both  hydropho¬ 
bic  and  hydrophilic  agents  were  successfully  encapsulated 
within  the  nanoparticles  and,  as  dextran  is  biocompatible, 
these  particles  are  non-toxic  to  cells  in  vitro. 


Figure  7.  Microscope  images  of  (A)  acetal-derivatized  dextran  nanoparticles.  Reprinted  with  permission  from  [105],  E.  M. 
Bachelder,  et  al.,  Acetal-derivatized  dextran:  An  acid-responsive  biodegradable  material  for  therapeutic  applications.  J.  Am.  Chem. 
Soc.  130,  10494  (2008).  ©  2008,  American  Chemical  Society.  (B)  lipid-coated  PLGA/siRNA  particles.  Reprinted  with  permission 
from  [130],  W.  Hasan,  et  al.,  Delivery  of  multiple  siRNAs  using  lipid-coated  PLGA  nanoparticles  for  treatment  of  prostate  cancer. 
Nano  Lett.  12,  287  (2011).  ©  2011,  American  Chemical  Society.  (C)  cisplatin-loaded  milk  protein  nanoparticles.  Reprinted  with 
permission  from  [148],  X.  Zhen,  et  al.,  Cellular  uptake,  antitumor  response  and  tumor  penetration  of  cisplatin-loaded  milk  protein 
nanoparticles.  Biomaterials  34,  1372  (2012).  ©  2012,  Elsevier.  (D)  DNA  origami  nanostructures.  Reprinted  with  permission  from 
[173],  Q.  Jiang,  et  al.,  DNA  origami  as  a  carrier  for  circumvention  of  drug  resistance.  J.  Am.  Chem.  Soc.  134, 13396  (2012).  ©  2012, 
American  Chemical  Society.  (E)  MSNs.  Reprinted  with  permission  from  [191],  I.  Slowing,  et  al.,  Effect  of  surface  functionalization 
of  MCM-41-type  mesoporous  silica  nanoparticles  on  the  endocytosis  by  human  cancer  cells.  J.  Am.  Chem.  Soc.  128, 14792  (2006). 
©  2006,  American  Chemical  Society.  (F)  Au  NRs;  (G)  Au@Si02  nanoparticles.  Reprinted  with  permission  from  [212],  Z.  Zhang, 
et  al.,  Mesoporous  silica-coated  gold  nanorods  as  a  light-mediated  multifunctional  theranostic  platform  for  cancer  treatment.  Adv. 
Mater.  24,  1418  (2012).  ©  2012,  Wiley-VCH  Verlag  GmbH  &  Co.  KGaA,  Weinheim.  (H)  PNiPAM/AA@Si02  nanoparticles.  Reprinted 
with  permission  from  [227],  X.  Hu,  et  al.,  Multifunctional  hybrid  silica  nanoparticles  for  controlled  doxorubicin  loading  and  release 
with  thermal  and  pH  dual  response.  J.  Mater.  Chem.  SI,  1109  (2013).  ©  2013,  Royal  Society  of  Chemistry. 
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PVP  and  Its  Derivatives.  Poly(A'-vinylpyrrolidone) 
(PVP)  has  a  lot  of  properties  which  make  it  an  outstand¬ 
ing  candidate  as  pharmaceutical  adjuvant  material,  such 
as  solubility  in  water,  very  low  toxicity,  good  biocompati¬ 
bility,  and  high  complexation  ability.106  PVP  was  initially 
used  as  a  blood  plasma  substitute  and  then  be  widely  used 
in  medicine  and  pharmacy.107  The  highly  hydrated  struc¬ 
ture  of  PVP  suppressed  its  interaction  with  immune  system 
and  made  PVP  a  good  choice  as  coating  agent  to  reduce 
immunogenicity  of  nanomaterials.108  The  slow  degradation 
of  PVP  under  ultraviolet  (UV)  or  ultrasound  irradiation 
is  another  promising  aspect.109  It  has  also  been  reported 
that  PVP  can  cause  intracellular  vesicular  swelling  and 
diminish  the  fusion  of  endosomes  to  lysosomes.110  These 
unique  features  of  PVP  make  it  a  good  drug  and  gene  car¬ 
rier.  However,  the  non-biodegradability  of  macromolecular 
PVP  will  lead  to  accumulation  in  vivo.  To  deal  with  this 
problem,  PVP  with  molecular  weight  below  the  kidney 
threshold  was  synthetized  through  various  methods.  Sax- 
ena  et  al.  reported  a  cross-linked  PVP  nanoparticle  of  size 
less  than  100  nm  which  can  encapsulate  plasmid  DNA.111 
The  result  showed  these  particles  have  high  transfection 
efficiency  both  in  vitro  and  in  vivo.  This  synthesis  method 
provided  a  low  molecular  weight  PVP  nanoparticle  which 
was  a  promising  vehicle  for  drug  and  gene  delivery. 

Amphiphilic  Copolymers.  Copolymers,  especially 
amphiphilic  copolymers,  are  the  most  common  polymers 
in  nanotechnology.112-114  Amphiphilic  copolymers  can 
self-assemble  into  micelles  or  nanoparticles  in  aque¬ 
ous  solution,  with  a  hydrophobic  core  inside  and  a 
hydrophilic  shell  outside.  Each  chain  of  the  copoly¬ 
mer  can  also  provide  different  functions,  to  make  the 
particle  multifunctional.  For  example,  Guo  et  al.  synthe¬ 
sized  a  copolymer  composed  of  three  polymers,  methoxy 
polyethylene  glycol-block-(polycaprolactone-graft-poly(2- 
(dimethylamino)ethyl  methacrylate))  (PEG-fi-(PCL-g- 
PDMAEMA)).115  The  polycaprolactone  (PCL)  backbone 
can  (1)  form  a  hydrophobic  core  to  carry  hydrophobic 
drugs  such  as  PTX  and  DOX;  (2)  improve  drug/gene  deliv¬ 
ery  efficiency  by  enhancing  the  cellular  uptake  through 
effective  interaction  between  the  hydrophobic  chains 
and  cell  membrane.  The  side  chain  poly(2-(dimethyl- 
amino)ethyl  methacrylate  (PDMAEMA)  is  positively 
charged  which  can  condense  plasmid  DNA  and  provide 
endosome  escaping  capability.  As  described  above,  PEG, 
the  biocompatible  part  of  backbone,  forms  a  hydrophilic 
shell  to  protect  the  particle  and  decrease  the  surface  pos¬ 
itive  charge.  This  well  designed  amphiphilic  copolymer 
can  self-assemble  into  nanoparticle  and  shows  high  gene 
delivery  efficiency  in  vitro. 

Lipids 

Lipid  is  a  group  of  natural  molecules  including  fats, 
sterols,  fat-soluble  vitamins,  glycerides,  phospholipids, 
and  others.  Among  these  lipids,  phospholipids  are  widely 
employed  as  nanoscale  pharmaceutical  adjuvants  in  the 


form  of  liposomes  and  micelles  and  will  be  highlighted 
in  this  review.116, 117  Phospholipids  are  amphiphilic  com¬ 
pounds,  with  a  hydrophilic  polar  group  and  a  hydrophobic 
chain,  which  mimic  the  components  of  naturally  occurring 
membrane  bilayers. 

The  best-known  lipid-based  nanostructures  are  lipo¬ 
somes,  in  which  an  internal  aqueous  core  is  separated  from 
the  bulk  aqueous  phase  by  a  closed  lipid  bilayer  shell.118 
Micelles,  a  nanostructure  similar  to  liposomes,  are  usually 
composed  of  closed  lipid  monolayers  with  a  fatty  acid  core 
and  a  polar  surface,  or  a  polar  core  with  fatty  acids  on  the 
surface  (inverted  micelle).  Nowadays,  many  amphiphilic 
polymer-based  micelles  have  been  developed  as  a  result 
of  their  more  versatile  structure  and  function  compared 
to  that  of  lipid.119, 120  Liposomes  are  capable  of  carry¬ 
ing  both  hydrophobic  and  hydrophilic  drugs  at  the  same 
time.  The  hydrophobic  drags  can  be  integrated  into  the 
fatty  acid  shell  while  the  hydrophilic  drugs  can  be  loaded 
into  the  aqueous  core.  In  contrast,  either  hydrophobic  or 
hydrophilic  drugs  can  be  encapsulated  into  micelles,  deter¬ 
mined  by  the  core’s  polarity.  Micelles  are  much  smaller 
in  size  (1-20  nm)  than  liposomes  (100-200  nm);  however, 
the  size  of  micelles  is  more  uniform.  The  surface  of  lipo¬ 
somes  can  also  be  functionalized  with  a  variety  of  ligands 
and  reporters,  such  as  antibodies,121  nucleic  acids,122  and 
luminescent  sensors.123  The  methods  for  liposome  prepa¬ 
ration  are  well  developed  and  the  process  is  very  easy 
to  control.  Under  specific  conditions,  amphiphilic  lipids 
will  self-assemble  into  liposomes.  By  adjusting  the  for¬ 
mulation  (lipid  ratio,  source)  and  changing  the  synthesis 
conditions  (temperature,  solvent,  ion  concentration,  and 
sonication),  the  size,  uniformity,  and  stability  of  liposomes 
can  be  manipulated.  The  first  FDA-approved  nano-drug, 
known  as  Doxil®  in  the  market,  is  a  liposome  loaded  with 
the  anticancer  drug  DOX.  DOX  is  commonly  used  in  the 
treatment  of  a  wide  range  of  cancers;  however,  the  adverse 
side  effect  is  life-threatening  heart  damage.124  Using  the 
Doxil®  formulation,  the  drug  circulation  time  is  prolonged 
and  more  drug  accumulates  in  the  tumor  site  as  a  result 
of  the  passive  targeting  of  liposomes  to  the  leaky  tumor 
vasculature.125 

Lipids  can  also  be  grafted  onto  other  nanomaterials  as 
surface  coatings  for  further  modification,  better  stability, 
and  improved  biocompatibility. 126, 127  PLGA  nanoparticles 
are  great  siRNA  carriers  due  to  their  stability  and  low 
toxicity.128  However,  the  transfection  efficiency  of  PLGA 
nanoparticles  is  low  and  not  comparable  to  that  of  cationic 
lipid  nanoparticles.129  Thus,  DeSimone  et  al.  combined 
them  and  developed  lipid-coated  PLGA  nanoparticles  that 
could  deliver  multiple  siRNAs  for  the  treatment  of  prostate 
cancer  (Fig.  7(B)).130  The  encapsulation  efficiency  was 
high  (32-46%)  and  target  gene  expression  was  greatly 
down-regulated. 

Lipids  can  be  classified  according  to  their  surface 
charge:  neutral  lipids,  anionic  lipids,  and  cationic  lipids. 
Cholesterol  is  separately  introduced  due  to  its  special  role 
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Table  1. 

Structures  of  commonly  used  lipids  in  pharmacy  research. 

Lipid 

Abbr. 

Structure 

L-a-phosphatidylcholine,  hydrogenated  (Soy) 


1,2-dioctadecanoyl-sn-glycero-3- 

phosphoethanolamine 


1 ,2-dioctanoyl-sn-glycerol 


L-a-phosphatidic  acid 


L-a-phosphatidylglycerol 


1,2-dilauroyl-sn-glycero-3-ethylphosphocholine 


1 ,2-di-O-octadecenyl  3-trimethylammonium 
propane 


Cholesterol 


HSPC 


DSPE 


DG 


PA 


PG 


Ethyl  PC 


DOTMA 


Choi. 


in  lipid-based  nanomaterials.  Table  I  shows  the  commonly 
used  lipids  in  pharmacy  research. 

Neutral  Lipids  and  Anionic  Lipids 

Neutral  lipids  and  anionic  lipids  are  similar  in  character 
and  application.  They  are  the  main  composition  of 
conventional  liposomes  for  pharmaceutical  applications. 
Phosphatidylcholine  (PC),  phosphoethanolamine  (PE), 
1,2-dioctanoyl-sn-glycerol  (DG),  L-a-phosphatidic  acid 
(PA),  L-a-phosphatidylglycerol  (PG)  and  their  derivatives 
are  commonly  used  in  various  liposomes.  For  instance, 
PC  is  a  major  constituent  of  cell  membranes,  which  have 
been  shown  to  stabilize  membranes  and  can  form  a  lamel¬ 
lar  structure  that  is  insensitive  to  the  pH.131  Due  to  their 
membrane  structure  and  neutral  or  negatively  charged  sur¬ 
face,  neutral  and  anionic  liposomes  can  decrease  the  non¬ 
specific  protein  adsorption  and  remain  longer  in  blood 
circulation  in  vivo.  Awasthi  et  al.  prepared  PEGylated 
neutral  and  anionic  liposome-encapsulated  hemoglobin 
(LEH).132  The  neutral  and  anionic  LEH  showed  long- 
lasting  ability  and  the  circulation  half-life  of  LEH 


was  improved  after  PEGylation.  Besides,  neutral  and 
anionic  lipids  can  be  modified  and  cooperated  with  other 
functional  groups.  We  have  recently  reported  a  novel 
pH-sensitive  liposome  which  can  circumvent  the  DOX- 
resistance  of  cancer  cells.133  One  way  that  cells  develop 
multi-drug  resistance  (MDR)  is  by  expressing  high  lev¬ 
els  of  certain  membrane  proteins,  such  as  P-gp,  which 
mediates  efflux  of  intracellular  drugs.79,80  We  developed 
a  system  to  create  a  sudden  increase  in  the  intracellular 
drug  level,  thus  killing  the  cell  before  drug  export  can 
occur.  This  liposome  is  composed  of  neutral  lipids  hydro¬ 
genated  soy  phosphatidylcholine  (HSPC)  and  PEGylated 
1 ,2-distearoyl-sn-glycero-3-phosphoethanolamine  (DSPE). 
We  loaded  liposomes  with  ammonium  bicarbonate  and 
DOX  and  demonstrated  that  at  pH  5.0,  the  bicarbonate  ions 
decomposed  and  released  C02  gas,  which  raised  the  inter¬ 
nal  pressure  and  ruptured  the  liposomes.  When  these  lipo¬ 
somes  reached  the  endosomes  (pH  ~  5.0)  in  MDR  breast 
cancer  cells,  they  released  all  their  DOX  at  the  same  time 
and  the  intracellular  drug  concentration  reached  the  effec¬ 
tive  concentration  immediately.  Thus,  resistant  cells  were 
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killed  before  their  MDR  mechanisms  had  time  to  work. 
This  work  illustrates  a  new  strategy  for  designing  and  syn¬ 
thesizing  pH-sensitive  liposomes. 

Cationic  Lipids 

Cationic  lipids,  for  example  ethyl  phosphocholine  (ethyl 
PC),  l,2-di-0-octadecenyl-3-trimethylammonium  propane 
(DOTMA),  and  cationic  cholesterol,  have  cationic 
hydrophilic  head  to  attract  negatively  charged  molecules, 
especially  nucleic  acids,  and  form  complexes.  In  this 
way,  cationic  lipids  can  be  used  as  nucleic  acid  carri¬ 
ers  and  are  regarded  to  be  the  most  promising  non-viral 
gene  vectors.134  Tenchov  et  al.  synthesized  various  ethyl 
PCs  with  different  hydrophobic  moieties,  and  investigated 
their  transfection  efficiencies  in  human  umbilical  artery 
endothelial  cells  (HUAEC).  The  result  showed  that  the 
compounds  exhibited  very  high  transfection  efficiencies.135 
Through  the  investigation  of  liposome  phase-conversion 
during  transfection  process,  they  found  that  high  trans¬ 
fection  efficiency  was  resulted  from  enhanced  liposome 
fusion  with  cellular  membranes.  This  work  could  be  useful 
to  assess  the  effect  of  cationic  lipid  carriers  and  for  further 
design  of  new  and  effective  gene  delivery  system. 

Cholesterol 

Cholesterol  is  an  essential  structural  constituent  of  ani¬ 
mal  cell  membranes.  The  addition  of  cholesterol  to  lipid 
bilayers  decreases  its  permeability  to  water  and  thus  drug 
leakage  is  prevented.136  Cholesterol  is  also  incorporated 
into  the  liposome  layers  to  increase  their  ordered  state  as  it 
has  an  additional  stabilizing  effect.137  It  limits  the  mobility 
of  acyl  chains  of  phospholipids,  rigidities  the  membrane 
in  the  liquid-crystalline  phase,  and  increases  the  mobil¬ 
ity  of  these  chains  while  in  the  gel  phase.  This  character 
decreases  the  phase  transition  temperature  of  lipid  mem¬ 
branes,  a  parameter  that  is  important  for  the  relative  flu¬ 
idity  and  mobility  of  lipid  molecules  in  the  bilayer.  Thus, 
cholesterol  is  a  regulator  in  lipid  bilayer  and  plays  an 
important  role  in  lipid-based  nanoparticles. 

Proteins,  Peptides  and  Nucleic  Acids 

Proteins,  peptides,  and  nucleic  acids  have  many  different 
roles  in  the  development  of  nanomedicines.  They  can  act 
as  drugs  (e.g.,  interferon,  insulin,  tesamorelin,  siRNA),  tar¬ 
get  ligands  (e.g.,  aptamer,  antibody,  nuclear  localization 
signal  peptide),  and  carriers  (e.g.,  albumin,  DNA  origami). 
As  they  are  the  most  common  materials  in  the  human 
body,  their  biodegradability  is  in  no  doubt.  Much  higher 
systemic  concentrations  of  proteins,  peptides,  and  nucleic 
acids  can  be  administered  than  that  of  inorganic  nanoscale 
materials.  As  pharmaceutical  adjuvants,  proteins,  peptides, 
and  nucleic  acids  are  irreplaceable  because  of  their  tar¬ 
geting  ability.  Illustrative  examples  of  targeting  ligands, 
including  proteins,  peptides,  and  nucleic  acids,  are  listed 
in  Table  II.  Metabolism  mechanism  of  them  is  also  clearly 


studied,  making  them  more  advantageous  than  other  mate¬ 
rials.  However,  the  disadvantage  is  that  their  structures  are 
vulnerable  and  it  is  difficult  to  make  modifications.  Once 
the  fine-designed  structure  is  changed,  they  will  lose  func¬ 
tions  and  integrity.  Another  issue  that  should  be  addressed 
is  the  immunogenicity  as  immune  system  will  be  activated 
by  exogenous  proteins  and  DNA  sequences.138 

Proteins 

Self-assembled  protein-based  nanocages  can  be  considered 
as  natural  drug  carriers.  In  nature,  some  protein  structures, 
such  as  microtubules,  are  assembled  from  multiple  copies 
of  protein  subunits.139  Recently,  albumin,  gelatin,  and  silk 
protein-based  protein  nanoparticles  have  been  developed 
as  drug  delivery  systems  following  the  successful  model 
of  Abraxane®. 140-142  These  particles  are  biosafe  and  non- 
antigenic;  furthermore,  they  can  realize  active  targeting  as 
well  as  passive  targeting.  For  example,  albumin  can  pene¬ 
trate  the  microvessel  endothelial  cells  in  angiogenic  tumor 
vasculature  with  the  assistance  of  the  albumin-binding  pro¬ 
tein  gp60  and  combine  with  the  target  protein  SPARC 
which  is  over-expressed  in  many  tumors.143, 144  Cao  and 
co-workers  used  protein  nanoparticles  for  active  tumor 
targeting.145  They  employed  human  ferritin  H-chain  pro¬ 
tein  (FTHl)  as  the  framework  and  combined  it  with  epider¬ 
mal  growth  factor  (EGF),  the  ligand  of  EGFR,  a  receptor 
that  is  over-expressed  in  many  malignant  tissues.146, 147  The 
EGF-FTH1  nanoparticles  were  specifically  internalized  by 
two  breast  cancer  cell  lines,  MCF-7  and  MDA-MB-231, 
but  the  uptake  by  normal  epithelial  MCF-10A  cells  was 
negligible.  In  vivo  experiments  also  demonstrated  the  accu¬ 
mulation  of  EGF-FTH1  nanoparticles  in  breast  tumors  in  a 
mouse  xenograft  model.  Jiang  et  al.  cross-linked  the  milk 
protein  casein  with  transglutaminase  to  form  nanoparti¬ 
cles,  which  were  then  loaded  with  cisplatin,  a  model  anti¬ 
cancer  drug  (Fig.  7(C)).148  In  the  murine  xenograft  model, 
cisplatin-loaded  nanoparticles  inhibited  tumor  growth  1.5- 
fold  more  effectively  than  free  cisplatin  and  analysis  of 
tumor  sections  demonstrated  that  the  casein  nanoparticles 
could  penetrate  through  the  tumor  tissue  and  deliver  cis¬ 
platin  to  cells  far  from  the  vasculature. 

Collagen  is  another  important  biosafe  nanomaterial  that 
should  be  addressed.  It  is  the  main  structural  protein 
in  animals  and  accounts  for  one  third  of  total  protein  in 
human.149  28  types  of  collagen  have  been  identified  in 
vertebrate  and  90%  of  the  collagen  in  the  body  is  type 
j  i5o,  151  collagen  is  the  major  component  of  the  extra¬ 
cellular  matrix  (ECM),  the  biocompatibility  of  collagen 
is  good.152-154  In  a  recent  work  reported  by  Cai  and  co¬ 
workers,  collagen  was  linked  to  silica  nanoparticles  via 
disulfide  bond  as  a  protein  cap  to  protect  encapsulated  flu¬ 
orescence  probe  FITC.155  Silica  nanoparticle  is  an  excel¬ 
lent  reservoir  for  drugs,  and  end-capping  of  them  could 
protect  encapsulated  cargos,  separate  cargos  from  external 
environment.  As  a  capping  material,  collagen  has  advan¬ 
tages  in  biosafety.  In  addition,  collagen  is  full  of  sulfydryl. 
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Table  II.  Examples  of  targeting  ligands. 

Category 

Name 

Target  and  indication 

Refs. 

Protein 

Antibody 

Trastuzumab  (Herceptin®) 

HER2/neu 

[230,  231] 

Bevacizumab  (Avastin®) 

VEGF 

[232] 

Cetuximab  (Erbitux®) 

EGF  receptor 

[233,  234] 

Rituximab  (Rituxan®) 

CD20 

[235] 

Ibritumomab  tiuxetan  (Zevalin®) 

CD20 

[236] 

Tositumomab  and  tositumomab  (Bexxar®) 

CD20 

[237] 

Gemtuzumab  ozogamicin  (Mylotarg®) 

CD33 

[238] 

Alemtuzumab  (Campath®) 

CD52 

[239] 

Others 

Transferrin 

Transferrin  receptor 

[240,  241] 

Low  density  lipoprotein 

Folate  receptor 

[242] 

Heavy-chain  ferritin 

Transferrin  receptor  1 

[243] 

Peptide 

RGD 

ar'/33-integrin 

[244,  245] 

CRGDK 

Neuropilin-1 

[24] 

NGR 

CD13 

[246] 

SP5-52 

Tumor  neovasculature 

[247] 

PI  VO-8 

Tumor  angiogenesis 

[248] 

PIVO-24 

Tumor  angiogenesis 

[248] 

LyP-1 

Tumor  hypoxia  and  lymphangiogenesis 

[249] 

RVG 

Acetylcholine  receptor 

[250] 

TAT 

Cell  nucleus 

[166,  251] 

Nucleic  acid:  aptamer 

Macugen 

Vascular  endothelial  growth  factor 

[252] 

AS1411 

Nucleolin 

[253,  254] 

sgc8 

Protein  tyrosine  Kinase  7 

[255] 

SI  .3/S2.2 

Mucin  1 

[256] 

TD05 

Immunoglobulin  /x-heavy  chains 

[255] 

A10 

Prostate-specific  membrane  antigen 

[257] 

TBA 

a-thrombin 

[258] 

Apt-av/33 

av/33  integrin 

[259] 

B28 

HIV  gp120 

[260] 

A30 

HER3 

[261] 

which  are  necessary  to  form  disulfide  bond  that  can  be 
broke  by  various  reducing  agents,  including  cell-expressed 
glutathione.156  Then,  specific  cargo  release  from  nanoparti¬ 
cles  in  cytoplasm  can  be  realized.  This  work  subtly  utilized 
this  property  and  conjugated  collagen  with  nanoparticle 
through  disulfide  bond.  Redox-responsive  release  of  cargo 
FITC  from  nanoparticles  was  successfully  identified  after 
adding  another  reducing  agent,  dithiothreitol  (DTT),  to  the 
nanoparticle  solution.  Targeting  moiety,  lactobionic  acid 
(LA),  was  also  introduced  to  the  collagen-capped  nanopar¬ 
ticle  and  was  demonstrated  to  be  effective  in  cell-specific 
targeting  in  vitro.  Therefore,  redox-responsive  release  and 
targeted  delivery  were  achieved  in  this  work. 

Gelatin,  a  derivative  of  collagen,  has  similar  poten¬ 
tial  as  pharmaceutical  adjuvant  just  like  collagen.  It  is 
widely  used  in  food  and  pharmaceuticals  as  gelling 
agent.157  Gelation  would  be  easily  triggered  by  increas¬ 
ing  the  temperature  and  suddenly  cooling  of  gelatin  solu¬ 
tion.  Nanoparticles  protected  by  a  gelatin  cap  could  then 
be  obtained  by  this  method.  He,  Wang,  and  co-workers 
reported  a  work  employing  gelatin  as  a  cap  to  pro¬ 
tect  DOX-loaded  nanoparticles  recently.158  The  gelatin 
cap  was  successfully  grafted  to  the  nanoparticles  by 
temperature-induced  gelation  and  stabled  by  glutaralde- 
hyde  mediated  cross-linking.  Interestingly,  gelatin  is  a 


natural  pH-sensitive  agent  and  the  authors  take  this  advan¬ 
tage  and  successfully  made  the  gelatin-capped  nanopar¬ 
ticles  pH-sensitive.  As  a  mixture  of  protein  and  peptide, 
gelatin  contains  many  protonation  groups  like  carboxyl 
and  amine,  making  it  negatively  or  positively  charged 
determined  by  the  pH  value.  Moreover,  the  isoelectric 
point  of  gelatin  can  be  modified  by  removing  or  retain¬ 
ing  the  protonation  group.159  Thus,  the  charge  of  gelatin 
can  be  precisely  controlled.  In  this  work,  the  loaded-DOX 
was  well-protected  upon  neutral  pH  and  released  from  the 
nanoparticles  once  the  solution  was  adjusted  to  be  acidic. 
This  pH-sensitive  behavior  was  also  confirmed  in  vitro  by 
co-localization  analysis  of  DOX  and  endosome  assisted  by 
confocal  laser  scanning  microscopy  (CLSM).  DOX  was 
first  trapped  in  endosome,  exhibiting  high  co-localization 
ratio  with  endosome  at  5  h.  Then  DOX  escaped  from  endo¬ 
some  and  entered  into  cell  nucleus  at  12  h,  indicating  that 
gelatin  cap  was  eliminated  from  the  nanoparticle  surface. 

Peptides 

Peptide,  natural  outcome  from  protein  metabolism,  played 
a  crucial  role  in  biological  activity.  Accompanied  by 
the  progress  of  peptide  synthesis,  peptides  are  more 
widely  used  as  therapeutics,  targeting  ligands  and  drug 
vectors.160, 161  Especially,  peptide  presents  an  advanced 
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and  rapid  developing  in  the  field  of  drug  delivery.  Com¬ 
pared  to  other  drug  carrier  materials,  peptides  possess 
several  advantages  for  drug  delivery,  including  smallness, 
versatile  structures,  facile  synthesis,  biocompatibility,  and 
biodegradability. 162 

Many  studies  have  confirmed  the  potential  and  supe¬ 
riority  of  peptide  applied  as  drug  delivery  system.  For 
example,  Divita  and  co-workers  successfully  developed 
a  peptide-based  novel  method  to  delivery  siRNA  into 
mammalian  cells.163  They  designed  an  amphiphilic  pep¬ 
tide  (CADY)  of  20  residues  combining  aromatic  trypto¬ 
phan  (Trp,  W)  and  cationic  arginine  (Arg,  R)  residues.  The 
recombinant  peptide  forms  stable  complexes  with  siRNA, 
thereby  increasing  the  stability  of  the  complexes  form¬ 
ing  from  peptide  and  siRNA  and  improving  their  trans¬ 
fection  efficiency  into  a  wide  variety  of  mammalian  cells, 
notably  including  primary  cell  lines.  The  siRNA  deliv¬ 
ery  based  on  the  CADY  peptide  significantly  knockdown 
the  target  gene  at  subnanomolar  concentration  of  siRNA. 
And  more  importantly,  the  cytotoxicity  results  showed 
that  the  CADY  peptide  was  non-toxic  and  entered  cells 
in  an  endosome-independent  way,  delivering  therapeutics 
into  cells  without  enzymolysis  under  lysosome  enzymes. 
CADY  peptide  can  then  be  used  for  the  delivery  of  unsta¬ 
ble  drugs  and  those  whose  therapeutic  efficacy  are  com¬ 
promised  due  to  the  lysosome  sequestration.  Meanwhile, 
peptides  possess  a  great  potential  in  the  chemotherapy 
drug  delivery.  Recently,  a  sell-assembled  peptide  hydro¬ 
gel  formed  by  peptide  and  anti-cancer  drug  taxol  was 
successfully  designed  by  Yang  and  co-workers.161  The 
peptide  hydrogels  of  taxol  could  markedly  inhibit  tumor 
growth  and  metastasis  through  local  administration  of 
taxol  hydrogels.  In  addition,  the  peptide-based  taxol  hydro¬ 
gels  enhanced  the  dosage  tolerance  of  mice  to  taxol  by 
reducing  the  plasma  concentration  of  taxol  which  is  due 
to  the  local  administration,  and  finally  decreased  the  side 
effects  of  taxol.  Peptide  hydrogel  can  be  applied  for  con¬ 
trolled  and  sustained  release  of  drugs  to  skin  tissues,  which 
is  important  for  wound  healing,  anti-inflammation,  and 
dermatosis. 

Except  for  drug  carrier,  peptide  also  plays  an  impor¬ 
tant  role  as  functional  agent  in  drug  delivery  system.  Cell 
penetrating  peptides  (CPPs)  and  pH-sensitive  peptides  are 
two  major  categories  of  functional  peptides.  CPPs  are 
a  series  of  peptides  which  can  facilitate  cellular  uptake, 
endosomal  escape,  and  nuclear  targeting.164, 165  Tat  peptide, 
a  CPP  derived  from  trans-activator  of  transcription  (tat)  of 
type  I  human  immunodeficiency  virus  (HIV-1),  has  been 
widely  used  in  drug  delivery  and  gene  transfection.166, 167 
Polyhistidine,  as  a  famous  example  of  pH-sensitive  pep¬ 
tide,  has  a  pKa  of  ~  6.5.  When  the  pH  is  turned  to  be 
below  6.5,  polyhistidine  would  shift  from  hydrophobic  to 
hydrophilic.168, 169  Caruso  et  al.  recently  successfully  com¬ 
bined  these  two  functional  peptides  in  one,  named  H4R4, 
and  reported  its  application  in  nanoparticle-based  drug 
delivery.170  R4  stands  for  4  arginines,  and  it  is  mimicking 


the  functional  region  of  tat  peptide  which  is  rich  of  argi¬ 
nine  (GRKKRRQRRRPQ).  H4  is  4  histidines,  and  is  the 
pH-sensitive  part  of  the  combined  peptide.  R4,  like  many 
other  CPPs,  is  highly  hydrophilic  and  cannot  be  used 
alone  without  conjugation  in  nanoparticle  functionaliza¬ 
tion.  However,  conjugation  makes  it  hard  to  vary  the 
amount  of  CPP  used.171  Here  H4  provides  a  hydropho¬ 
bic  part  and  makes  H4R4  an  amphiphilic  peptide  under 
neutral  pH.  It  is  simply  mixed  with  a  PEG-DOX  con¬ 
jugate  and  a  poly(2-diisopropylaminoethyl  methacrylate) 
(PDPA)  homopolymer.  PEG-DOX  and  PDPA  can  assem¬ 
ble  into  a  nanoparticle  with  a  hydrophilic  corona  and 
hydrophobic  core,  which  provide  space  for  the  amphiphilic 
H4R4.  In  the  acidic  endosomal  compartment,  H4  become 
hydrophilic  and  H4R4  is  released  from  the  nanoparticle. 
Then,  R4  could  facilitate  the  release  of  PEG-DOX  from 
endosome  and  its  further  entrance  into  cell  nucleus.  The 
PEG-DOX  loaded  in  H4R4  mixed  nanoparticle  exhibits 
better  endosome  escape  ability  and  higher  accumulation 
in  nucleus  than  that  loaded  in  non-H4R4  mixed  one,  con¬ 
firmed  by  co-localization  analysis.  More  importantly,  the 
cytotoxicity  of  the  nanoparticle  is  tunable  by  adjusting  the 
amount  of  H4R4  mixed.  This  work  provides  us  a  new  sight 
in  the  application  of  peptides.  Peptide  is  versatile  in  func¬ 
tions  and  combination  of  two  functional  peptides  is  easy. 
We  may  have  more  multifunctional  drug  delivery  systems 
in  peptide-involved  nanoparticles. 

Nucleic  Acids 

Nucleic  acids  are  considered  to  be  fragile  due  to  their 
instability  in  physiological  environments  which  contain 
DNase  and  RNase.  It  may  seem  impossible  that  nucleic 
acids  could  be  used  as  pharmaceutical  adjuvants  to  carry 
drugs,  but  the  opposite  has  proved  to  be  true.  Com¬ 
pared  to  the  common  linear  structure,  engineered  DNA 
structures  can  be  very  stable,  and  have  been  used  to 
build  nanoparticles  for  the  past  30  years.  DNA  nano¬ 
structures  have  great  potential  in  the  areas  of  molecu¬ 
lar  and  cellular  biophysics,  energy  transfer  and  photonics, 
and  diagnostics.172  Recently,  Ding  and  co-workers  suc¬ 
cessfully  applied  “origami”  DNA  nanostructures,  made 
of  folded  nucleic  acid  strands,  to  the  drug  delivery  field 
(Fig.  7(D)).173  The  electrostatic  attraction  between  DOX 
and  DNA  structure  was  subtly  used  in  this  work.  The  sta¬ 
bility  issue  of  DNA  was  also  settled  by  converting  linear 
strands  into  origami  nanostructure.  These  self-assembled, 
spatially  addressable,  DNA  origami  nanostructures  were 
very  stable  in  cell  lysates,  and  the  DOX  loading  efficiency 
was  high  because  the  drug  was  non-covalently  bound  to 
the  DNA  through  intercalation.  The  cellular  uptake  of 
DOX  was  increased  by  this  DNA  origami  nanostructure, 
resulting  in  a  better  cell  killing  efficiency.  Meanwhile, 
RNA  nanotechnology  has  achieved  rapid  development  in 
biomedicine  applications  in  recent  years.  A  packing  RNA 
(pRNA)  of  bacteriophage  phi29  DNA-packaging  motor  is 
developed  by  Guo  and  coworkers  to  work  as  a  highly 
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efficient  nanovector  to  carry  siRNA  (MT-IIA)  for  cancer 
therapy.174  The  pRNA/siRNA  can  protect  the  siRNA  from 
RNase  and  keep  stable  in  serum.  The  messenger  RNA 
(mRNA)  levels  of  MT-IIA  and  its  downstream  gene  sur- 
vivin  were  down-regulated  by  this  pRNA/siRNA  complex, 
resulting  in  suppressed  cell  proliferation.  Furthermore,  the 
dimmers  that  were  obtained  by  tagging  the  pRNA/siRNA 
complex  with  folate  can  be  delivered  cell-specifically  to 
ovarian  cancer  cells  which  express  folate  receptor.  From 
both  examples  we  can  find  that  stability  is  the  major  prob¬ 
lem  for  nucleic  acids  as  pharmaceutical  adjuvants.  If  this 
can  be  settled  properly,  DNA  and  RNA  have  a  promising 
future  as  a  potent  tool  for  drug  delivery. 

Other  Organic  Materials 

Besides  polymer,  lipid,  protein,  peptide,  and  nucleic  acid, 
saccharide  is  another  important  nanoscale  pharmaceutical 
adjuvant  materials.  Cyclodextrins  (CDs),  a  family  of  com¬ 
pounds  made  of  saccharide  molecules  forming  a  ring  struc¬ 
ture,  will  be  introduced  as  an  outstanding  saccharide.  They 
are  produced  from  starch  by  enzymatic  conversion.175  CDs 
are  composed  of  5  or  more  a-D-glucopyranoside  units  and 
typical  CDs  are  formed  by  6-8  monomers  in  a  cone  shape, 
known  as  a -CD  (6  monomers),  /3-CD  (7  monomers), 
and  y-CD  (8  monomers)  (Fig.  4). 176  Compared  to  chi- 
tosan  and  other  polymers,  CDs  are  commonly  used  as 
one  of  the  most  versatile  aids  in  pharmaceutical  technol¬ 
ogy  to  enhance  the  aqueous  solubility  and  chemical  sta¬ 
bility  of  biologically  active  compounds.177  Especially  by 
using  guest-host  chemistry,  CDs  can  introduce  the  guest 
functional  groups  to  the  host  compounds.  Ma  et  al.  con¬ 
jugated  /3-CDs  to  a  branched  PEI  as  a  host  unit.178  Then 
a  guest  hydrophobic  polymer  poly(/3-benzyl  L-aspartate) 
(PBLA)  was  introduced  to  the  host  scaffold  to  mediate  the 
assembly  process.  The  hydrophobic  core  formed  by  PBLA 
serves  as  a  nanocarrier  to  load  hydrophobic  drugs,  while 
the  positively  charged  hydrophilic  PEI  shell  is  capable 
of  condensing  plasmid  DNA  and  achieve  its  transfection 
in  vitro.  In  this  way  CDs  produce  a  new  way  of  assembly, 
and  can  be  used  as  a  new  generation  of  multifunctional 
nanocarriers. 

INORGANIC  NANOSCALE  MATERIALS 
AS  POTENTIAL  ADJUVANTS  IN 
PHARMACEUTICS 

Silica 

In  the  past  decade,  silica-based  nanoparticles  have 
attracted  more  and  more  attention  as  pharmaceutical 
adjuvants.179  The  biocompatibility  of  silica  nanoparticles 
has  also  been  thoroughly  studied  in  different  cell  lines, 
and  there  is  strong  evidence  that  they  are  only  toxic  at 
a  high  dose.180  Some  recent  results  indicated  that  silica 
nanoparticles  are  biocompatible  in  mice  after  serologi¬ 
cal,  hematological,  and  histopathological  examinations  of 
blood  samples  and  tissues.181 


Silica  Nanoparticles 

The  most  well-developed  of  these  silica-based  nanoparti¬ 
cles  are  mesoporous  silica  nanoparticles  (MSNs)  because 
of  their  tailored  mesoporous  structure  and  high  sur¬ 
face  area.182-184  Mesopores  can  be  modified  with  differ¬ 
ent  chemical  groups  to  be  hydrophobic  or  hydrophilic, 
enabling  MSNs  to  encapsulate  a  variety  of  drugs.  Mean¬ 
while,  high  surface  area  allows  a  much  higher  drug  loading 
capacity  compared  to  that  of  solid  nanoparticles. 

By  preferentially  manipulating  the  biodistribution 
of  encapsulated  pharmaceutical  agents  in  the  target 
organ/tissue,  MSN-based  systems  have  the  potential  to 
deliver  an  effective  concentration  of  drug  to  the  lesion 
at  a  relatively  low  systemic  drug  dose.  The  adverse 
side-effects  can  therefore  be  minimized  without  com¬ 
promising  treatment  efficacy.  To  accomplish  this  goal, 
the  surface  of  MSNs  can  be  modified  with  a  variety 
of  functional  agents,  such  as  polymers,  proteins,  and 
stimulus-responsive  groups.  These  surface  coatings  work 
as  gatekeepers  to  protect  the  pharmaceuticals  inside  the 
pores  and  achieve  a  controlled  release.185, 186  /3-CD,  a  sac¬ 
charide  which  is  responsive  to  the  acidic  conditions  within 
endosomes,  was  employed  by  Zink  and  co-workers  to 
work  as  a  nanovalve  in  MSNs  for  pH-sensitive  drug 
release.187  This  nanovalve  is  tightly  closed  at  pH  7.4  and 
acidic  environment  is  the  key  to  open  the  valve  and  release 
cargos.  The  leak  and  rapid  burst  of  drug  from  nanoparticles 
are  crucial  problems  for  drug  delivery  and  nanovalve  is 
a  good  strategy  to  overcome  these  challenges.  Mesopores 
can  be  sealed  under  physiological  condition  and  release 
drug  slowly  under  certain  stimuli.  Figure  8  shows  three 
typical  nanovalve-based  controlled  release  mechanisms. 
Gatekeeper  molecules  are  covalently  attached  to  MSNs 
while  plug  molecules  are  then  plugged  into  the  gatekeepers 
through  host-guest  interaction.  In  some  work  only  gate¬ 
keeper  molecules  are  employed.  Initially,  cargo  molecules 
are  loaded  in  the  channels  of  MSNs.  Drug  release  can  be 
initiated  in  three  ways: 

(1)  cutting  off  the  covalent  bonds  between  gatekeeper 
molecules  and  MSNs; 

(2)  pulling  out  the  plug  molecules  by  interfering  host- 
guest  interaction; 

(3)  destroying  gatekeeper  molecules. 

These  mechanisms  can  be  designed  to  be  responsive  to 
various  stimuli,  including  pH,  light,  thermal,  ultrasound, 
oxygen  stress,  and  several  enzymes.  It  is  a  hot  pursued  area 
to  develop  smart  drug  delivery  systems  with  nanovalves. 
Reversible  and  precisely  controlled  nanovalves  will  be  the 
future  trend. 

MSNs  are  also  good  candidates  for  multifunctional 
nanoparticles.  Nanoparticle-based  drug  delivery  systems 
are  confronting  many  challenges,  including  uptake  by  the 
RES,  interaction  with  serum  proteins,  and  poor  accumu¬ 
lation  at  the  disease  site.  Thus,  researchers  have  concen¬ 
trated  much  effort  on  integrating  several  functions  into  one 
particle  and,  as  a  result,  many  MSN-based  multifunctional 
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Gatekeeper  ^  Plug  •  Cargo 


Figure  8.  Schematic  illustration  of  three  different  nanovalve- 
based  stimuli-responsive  controlled  drug  release  mechanisms 
in  MSNs. 

nanoparticles  have  recently  been  developed.188-190  Lin 
et  al.  functionalized  MSNs  with  folate  groups,  the  recep¬ 
tors  of  which  are  highly  expressed  in  human  cancer  cells 
(Fig.  7(E)).191  They  demonstrated  that  the  endocytosis 
of  the  modified  nanoparticles  is  a  receptor-mediated  pro¬ 
cess  and  can  be  inhibited  by  free  folic  acid.  Hyeon  and 
co-workers  reported  functionalized  MSNs  that  could  be 
used  for  magnetic  resonance  imaging  (MR1),  fluorescence 
imaging,  and  drug  delivery,  thus  combining  therapeutic 
and  diagnostic  functions.192  DOX  was  loaded  into  the 
pores  and  the  particles  were  stabilized  by  coating  with 
PEG  to  increase  the  circulation  time.  The  anticancer  effect 
of  DOX-loaded  nanoparticles  was  also  observed  in  vitro 
and  in  vivo.  In  this  work,  both  MRI  and  PEG  coating 
are  employed  for  integrated  multifunction.  MRI  is  supe¬ 
rior  than  fluorescence  imaging  in  clinical  use  because  the 
latter  will  photobleach  and  the  imaging  depth  is  only  a 
few  millimeters.  PEG  is  the  best  stealth  delivery  cover 
so  far  as  introduced  in  the  polymers  section.  MSN  is  a 
well-established  integration  platform  on  which  multiple 
functions  could  be  combined  thanks  to  the  versatility  and 
compatibility  of  MSNs. 

Compared  to  other  adjuvant  materials,  MSNs  are  supe¬ 
rior  in  various  aspects:  higher  available  surface  area  allows 
for  more  functionalization;  tailored  mesoporous  struc¬ 
ture  provides  sealed  compartment  for  hydrophilic  and 
hydrophobic  cargos;  strong  adsorptive  capacity  results  in 
higher  drug  loading;  toxicity  study  and  previous  applica¬ 
tion  as  food  additive  stands  for  their  biosafety.  However, 


we  should  also  pay  attention  to  the  hydrolysis  of  MSNs’ 
backbone  (Si-O-Si)  caused  by  acidic  pH  environment. 
In  addition,  unmodified  silanol  groups  on  MSNs  will  inter¬ 
act  with  red  blood  cell  membrane  and  cause  hemolysis.193 
Further  modification  of  silanol  groups  and  hemolysis  test 
are  needed  before  MSNs’  intravenous  injection  in  the  pre- 
clinical  development. 

Silica  Nanotubes 

Silica  nanotube  (SNT),  a  novel  nanomaterial,  has  been 
developed  for  drug  delivery,194  biocatalysis,195  and  pro¬ 
tein  immobilization.196  SNT  has  several  advantages 
including  large  internal  volume,  large  surface  area,  favor¬ 
able  biocompatibility,  and  the  ability  of  being  chemical 
modified.197  More  importantly,  the  size  of  SNT  can  be 
controlled  easily.198  Because  of  their  unique  physicochem¬ 
ical  properties,  SNT  used  as  drug  delivery  system  drew 
considerable  attention  from  pharmaceutics  researchers  in 
recently.  SNT  possesses  the  potential  as  effective  drug 
delivery  vehicle  owing  to 

(1)  the  large  internal  space  of  SNT  can  improve  the  drug 
loading  capacity  compared  with  other  vectors.  And  the 
drug  molecules  incorporated  in  the  inner  of  material  can¬ 
not  interact  with  the  environment,  so  that  the  drug  leakage 
was  prevented  until  they  reach  the  target  destination; 

(2)  SNT  possesses  a  plentiful  of  hydroxide  radical  on  the 
surface  which  lead  to  the  high  hydrophilicity  of  nanotubes. 
The  drug  delivered  by  SNT  can  effectively  avoid  the  cap¬ 
ture  by  the  RES,  and  improve  the  bioavailability  of  drug 
molecules; 

(3)  SNT  can  be  further  modified  to  acquire  more  func¬ 
tions  through  the  active  hydroxide  radicals  on  the  surface. 
Bhattacharyya  and  coworker  reported  the  sol-gel  template 
synthesized  SNTs  that  can  be  applied  for  controlled  drug 
delivery  in  which  ultrasound  acts  as  the  trigger.194 

In  order  to  control  drug  delivery,  SNTs  were  coated  by 
dihydroxynaphthalene  (DN)  and  ibuprofen  was  chose  as 
a  model  drug.  The  ibuprofen  loading  of  SNTs  and  DN- 
SNTs  analyzed  by  thermogravimetric  analysis  was  46% 
and  25%,  respectively.  The  release  kinetics  of  ibuprofen 
from  SNTs  demonstrated  that  the  drug  release  is  heav¬ 
ily  dependent  on  the  ultrasound  impulse  in  vitro.  Fluores¬ 
cent  silica  nanotubes  prepared  via  sol-gel  reaction  were 
also  successfully  applied  for  plasmid  DNA  delivery.199 
This  work  further  demonstrated  that  SNTs  have  enormous 
potential  in  biomolecule  drug  delivery. 

Gold 

Among  metal  nanomaterials,  those  made  of  gold  have  been 
widely  utilized  in  biomedical  research.  Gold  nanomateri¬ 
als  have  a  variety  of  potential  applications,  including  gene 
and  drug  delivery,200  cell  imaging,201  thermo  therapy, 202 
and  colorimetric  detection  of  biomolecules  and  ions.203-205 
Nowadays,  the  synthesis  and  modification  of  gold  nano¬ 
materials  can  be  effectively  manipulated,  and  spheroids. 
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rods,  dodecahedra,  octahedra,  and  cubes  can  be  designed 
with  a  high  level  of  precision.206  The  surface  can  also 
be  modified  with  chemical  functional  groups,  including 
amines,  lipids,  antibodies,  peptides,  oligonucleotides,  and 
small  molecules.  In  addition,  the  inherent  non-toxicity  and 
unique  properties  of  gold  nanomaterials,  such  as  size-  and 
shape-dependent  cellular  uptake  and  high  surface  area  to 
volume  ratio,  make  them  excellent  drug  carriers.207  Thus, 
considerable  effort  has  been  put  in  to  develop  gold  nano¬ 
materials  as  pharmaceutical  adjuvants. 

Gold  Nanoparticles 

Gold  nanoparticles  (Au  NPs)  have  many  attributes  which 
meet  the  needs  of  nanomedicine  research.  Many  works 
have  focused  on  the  modification  of  Au  NPs  with  thera¬ 
peutic  agents  and  targeting  ligands.  Liang  and  co-workers 
recently  synthesized  novel  small  (2  nm)  Au  NPs  that  were 
functionalized  with  a  therapeutic  peptide,  PMI  (pi 2),  and 
a  targeting  peptide,  CRGDK,  which  selectively  binds  with 
cancer  cells  through  the  over-expressed  receptor  NRP- 1 ,208 
The  results  demonstrated  that  these  targeting  nanocarriers 
improve  the  delivery  of  the  therapeutic  pl2  peptide,  which 
is  thought  to  activate  p53,  into  cancer  cells.  When  employ¬ 
ing  Au  NPs  as  drug  carriers,  conjugation  is  commonly 
used  for  drug  loading  and  ligand  modification.  The  prob¬ 
lem  is  that  available  chemical  groups  on  the  surface  are 
limited,  so  it  is  difficult  to  functionalize  Au  NPs  with  both 
therapeutics  and  targeting  ligands.  This  work  employed 
2  nm  Au  NPs,  the  surface  area  to  volume  ratio  of  which 
is  much  higher  than  that  of  commonly  used  Au  NPs,  to 
provide  more  space  for  drugs  and  functional  groups. 

Gold  Nanorods 

The  localized  surface  plasmon  resonance  (LSPR)  effect  is 
a  widely  utilized  property  of  some  special  shaped  gold 
nanomaterials,  including  nanorods,  nanocages,  nanoshells, 
and  nanostars.  Plasmon  resonance  occurs  when  gold  nano¬ 
materials  are  irradiated  by  light  with  specific  wavelengths, 
and  the  luminous  energy  is  converted  into  heat.209  Direct 
killing  of  surrounding  cells  can  be  achieved  by  taking 
advantage  of  the  heat  released.  This  is  called  photother- 
mal  therapy.  The  heat  released  can  also  be  further  utilized 
to  control  the  behavior  of  nanomaterials  by  introducing 
thermo-sensitive  materials  into  them.210  Therefore,  many 
gold  nanomaterial-based  light-controlled  drug  release  sys¬ 
tems  have  been  developed  based  on  the  LSPR  effect. 
Moreover,  the  absorption  of  light  with  specific  wave¬ 
lengths  can  be  utilized  for  in  vivo  imaging  (Fig.  9). 

Among  these  gold  nanostructures  with  LSPR  effect,  Au 
NRs  are  an  outstanding  one  due  to  two  reasons:  (1)  the 
uniformity  and  size  of  Au  NRs  are  easier  to  control  than 
that  of  other  materials;  (2)  by  manipulating  the  aspect 
ratio,  the  LSPR  maximum  of  Au  NRs  can  be  tuned  to 
the  near-infrared  (NIR)  window  (700-900  nm),  which  is 
the  wavelength  range  in  which  lasers  can  penetrate  deeply 
through  tissues.211  Wu  and  co-workers  reported  promising 


Figure  9.  Applications  of  LSPR  effect  of  gold  nanostructures 
in  pharmaceutical  research. 


results  in  this  area  (Figs.  7(F),  (G)).212  They  coated  light- 
responsive  Au  NRs  with  mesoporous  silica  to  overcome 
two  major  disadvantages  of  Au  NRs,  namely  low  specific 
surface  area  and  poor  stability.  DOX  was  encapsulated  into 
the  mesoporous  silica  shell  of  the  Au@Si02  nanoparticles. 
Low  intensity  laser  irradiation  triggered  drug  release,  while 
high  intensity  laser  irradiation  also  triggered  hyperthermia. 
Furthermore,  the  Au@Si02  nanoparticles  can  be  visual¬ 
ized  by  two-photon  microscopy,  so  that  imaging  is  also 
successfully  integrated  into  this  platform.  The  advantage 
of  Au  NRs  is  that  they  can  be  used  as  drug  vehicle,  pho- 
tothermal  agent,  and  two-photon  microscopy  probe.  Thus, 
Au  NRs  are  an  inherent  multifunctional  drug  delivery  sys¬ 
tem.  Flowever,  low  loading  capacity  and  template  residues 
caused  toxicity  impede  their  application  as  pharmaceutical 
adjuvant.  This  work  successfully  solved  both  challenges  at 
the  same  time  by  mesoporous  silica  coating,  the  unique 
properties  of  Au  NRs  were  also  maintained  and  utilized. 

Photothermal  therapy  is  a  unique  application  of  gold 
nanomaterials  as  they  are  not  just  drug  vehicles,  also 
therapy  agents.  The  irradiation  area,  time,  and  intensity 
are  tunable  and  the  killing  effect  is  direct.  Future  work 
should  focus  on  the  targeting  ability  of  photothermal  ther¬ 
apy  agents  as  the  therapy  efficacy  is  determined  by  the 
biodistribution  of  heat  source.  Moreover,  gold  is  inert  in 
most  conditions  and  its  degradation  and  clearance  remains 
unclear.  As  a  result,  the  accumulation  and  excretion  mech¬ 
anism  of  gold  nanomaterials  in  cells,  organs,  and  bodies 
needs  further  study. 
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Other  Gold  Nanostructures 

Other  gold  nanostructures,  such  as  gold  nanocages,  gold 
nanoshells,  and  gold  nanostars,  are  developed  recently  as 
photothermal  therapy  agent.  Many  work  successfully  com¬ 
bined  photothermal  therapy  with  imaging  and  drug  deliv¬ 
ery  by  employing  these  novel  gold  nanostructures.213,214 
For,  example,  a  NIR  laser-controlled  drug  release  sys¬ 
tem  which  was  based  on  smart  polymers  covered  gold 
nanocages  was  successfully  developed  by  Xia  et  al. 
The  smart  polymer  undergoes  a  phase  transition  from  a 
hydrophilic  state  to  a  hydrophobic  state  when  the  tem¬ 
perature  is  raised  above  its  low  critical  solution  temper¬ 
ature  (LCST).  Once  covalently  anchored  to  the  surface 
of  gold  nanocages,  the  smart  polymer  would  undergo  the 
phase  transition  and  aggregate  under  the  heat  converted  by 
gold  nanocages  after  NIR  laser  irradiation.  The  pre-loaded 
drug,  lysozyme,  can  therefore  be  released  in  a  controllable 
fashion  using  photothermal  conversion  of  gold  nanocages. 
Furthermore,  gold  nanocages  have  a  potential  for  multi¬ 
functional  drug  delivery  system  after  functionalized  with 
targeting  ligands.  Hollow  gold  nanostructures  are  superior 
in  drug  loading  as  it  would  be  easier  than  that  of  Au  NRs 
and  Au  NPs  as  drug  will  diffuse  into  the  hollow  struc¬ 
ture  when  incubating  with  these  gold  nanostructures  and 
no  chemical  reaction  is  needed.  Moreover,  hollow  struc¬ 
ture  can  provide  more  space  compared  to  surface  area.  The 
biggest  challenge  is  that  the  synthesis  of  these  novel  gold 
nanostructures  is  much  more  complicated  than  that  of  Au 
NRs  and  Au  NPs.  Thus,  more  efforts  should  be  done  to 
optimize  the  synthesis  method  and  we  believe  that  these 
gold  nanostructures  would  become  important  members  of 
gold-based  nanoscale  pharmaceutical  adjuvant  materials. 

Other  Inorganic  Materials 

Apart  from  silica  and  gold,  other  inorganic  nanomate¬ 
rials,  such  as  carbon,215  iron, 216-218  and  calcium,219  also 
have  been  used  as  pharmaceutical  adjuvants.  Some  of 
these  have  special  applications  in  pharmaceutical  adju¬ 
vant  research.  For  example,  calcium  phosphate  nanopar¬ 
ticles  can  work  as  vaccine  adjuvants,  inducing  immunity 
to  viruses.220  Results  indicated  that  calcium  phosphate 
nanoparticles  were  more  potent  as  vaccine  adjuvant  than 
traditional  aluminium  adjuvant  because  less  inflamma¬ 
tion  was  caused  and  high  titer  of  antibody  was  induced. 
Graphene  oxide,  a  novel  carbon  nanomaterial  with  mono- 
layer  structure,  is  promising  in  aromatic  drug  delivery 
via  non-covalently  tt-tt  stacking.  SN38,  a  water-insoluble 
aromatic  anticancer  drug  derived  from  camptothecin,  is 
attached  to  graphene  oxide  by  Dai  and  co-workers.221 
The  obtained  composite  exhibited  excellent  water  solubil¬ 
ity  while  the  anticancer  efficacy  was  not  compromised. 
Graphene  oxide  also  showed  potential  in  photothermal 
therapy,  making  it  popular  in  novel  medicine  design.222 
Our  previous  work  demonstrated  that  metallofullerene 
nanoparticles  Gd@C82(OH)22,  another  promising  carbon- 
based  nanomaterial,  can  circumvent  tumor  resistance  to 


cisplatin  by  reactivating  endocytosis,  which  is  a  new  strat¬ 
egy  to  fight  with  tumor  drug  resistance.223  Further  studies 
demonstrated  that  Gd@C82(OH)22  nanoparticles  are  inher¬ 
ently  anticancer  drug.224,225  They  can  inhibit  pancreatic 
tumor  metastasis  by  affecting  matrix  metalloproteinase-9 
(MMP-9)  function.  Another  potential  pharmaceutical  adju¬ 
vant  material  is  superparamagnetic  iron  oxide  nanoparti¬ 
cles  (SPIONs)  which  are  well-known  as  contrast  agents.226 
Thus,  SPIONs  are  appropriate  for  design  of  traceable  drug 
delivery  system.  Tumor  site  accumulated  SPIONs  will 
enable  to  monitor  the  growth,  metastasis,  and  location  of 
tumor  tissue.  Following  these  established  examples,  inor¬ 
ganic  nanomaterials  can  be  used  selectively  to  design  drug 
vehicles  with  more  functions. 

HYBRID  ORGANIC  AND  INORGANIC 
NANOMATERIALS  FOR  PHARMACEUTICAL 
APPLICATION 

Multifunctional  nanoparticles,  which  are  desired  for 
advanced  drug  delivery,  can  be  created  by  incorporat¬ 
ing  more  than  one  nanomaterial  into  a  nanostructure. 
These  combined  nanomaterials  are  known  as  hybrid  nano¬ 
materials,  and  they  combine  the  advantages  of  each 
component.  In  another  way,  fatal  drawbacks  of  one  com¬ 
ponent  are  made  up  by  the  other  one.  Recently,  ther¬ 
mal  and  pH  dual  responsive  hybrid  nanoparticle  based  on 
this  strategy  was  successfully  developed  (Fig.  7(H)).227 
The  hybrid  nanoparticles  had  a  Si02  shell  and  a  polymer 
core  made  of  poly(N-isopropylacrylamide)  (PNiPAM)-co- 
acrylic  acid  (AA)  hydrogel,  which  is  responsive  to  both 
heat  and  pH.  By  lowering  the  temperature,  DOX  was 
loaded  into  the  nanoparticles  and  by  manipulating  the 
pH,  DOX  was  rapidly  released.  Compared  with  tradi¬ 
tional  MSNs,  these  hybrid  nanoparticles  had  a  better 
uniformity  and  stability.  Moreover,  the  in  vitro  results 
showed  that  these  novel  nanoparticles  were  more  bio¬ 
compatible  and  less  toxic  than  conventional  MSNs,  while 
the  anticancer  efficiency  was  not  compromised.  In  this 
work,  Si02  is  employed  as  the  drug  container,  but  pH- 
responsive  drug  release  could  not  be  realized  in  pure 
silica  system.  As  a  result,  pH-sensitive  polymer  is  intro¬ 
duced  as  the  core  of  the  nanoparticle.  This  core-shell 
drug  delivery  system  works  like  a  tank:  Si02  shell  is  the 
armor,  DOX  is  the  cannonball,  and  PNiPAM/AA  hydro¬ 
gel  is  the  fire  control  system.  It  cruises  everywhere,  resists 
attack  from  clearance  system,  and  fires  in  the  battle¬ 
field  (slightly  altered  acidic  tumor  microenvironment  and 
endosomes). 

Theranostic,  a  new  concept  combins  therapy  and  diag¬ 
nostic,  is  emerging  with  the  development  of  hybrid 
adjuvants.228,229  It  is  difficult  to  realize  theranostic  with 
only  one  adjuvant  material.  Therefore,  hybrid  adjuvants 
composed  of  more  than  one  material  are  employed.  For 
instance,  after  the  drug-loaded  nanoparticles  are  admin¬ 
istered  for  therapeutic  treatment,  biodistribution  of  these 
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nanoparticles  is  expected  to  be  monitored  in  organs  and 
disease  site.  In  this  case,  fluorescence  probes  or  MRI 
contrast  agents  can  be  integrated  into  the  drug  vehicle. 
The  labeled  hybrid  nanoparticles  are  then  monitored  non- 
invasively  throughout  the  treatment  and  researchers  can  get 
more  information  from  a  single  injection. 

Actually,  most  examples  we  mentioned  in  this  article  are 
hybrid  materials  but  only  one  component  is  discussed  in 
detail  in  individual  context.  It  is  a  trend  to  combine  more 
functions  in  one  nanoparticle,  resulting  in  the  widely  appli¬ 
cation  of  hybrid  nanomaterials.  Although  it  is  fascinating 
to  design  multifunctional  drug  delivery  system  with  hybrid 
nanomaterials,  there  are  two  disadvantages  under  consider 
in  application.  First,  the  preparation  will  become  com¬ 
plicated  compared  to  that  of  single-component  nanoparti¬ 
cles,  resulting  in  the  reduction  of  reproducibility.  Second, 
the  drug  release  pathway  and  metabolism  mechanism  will 
be  unclear  after  the  addition  of  another  material.  Both  of 
them  are  of  great  importance  for  pharmaceutical  adjuvants. 
Therefore,  every  aspect  of  hybrid  materials  should  be  thor¬ 
oughly  studied. 

CONCLUSIONS 

Recent  progress  reveals  the  great  potential  of  nanoscale 
materials  as  novel  pharmaceutical  adjuvants.  Nanomateri¬ 
als  are  capable  of  transporting  insoluble  drugs  in  aque¬ 
ous  solution,  reducing  adverse  side-effects,  delivering  dual 
therapeutic  agents  simultaneously,  targeting  drugs  to  dis¬ 
ease  lesions  and  controlling  drug  release  in  the  desired 
environment.  However,  despite  the  enormous  potential 
of  nanoscale  materials,  considerable  challenges  must  be 
addressed  before  they  can  be  translated  into  clinical  use. 
Pharmaceutical  adjuvants  must  fulfill  specific  criteria,  like 
biocompatibility,  stability  in  physicochemical  conditions, 
protection  of  active  drugs,  and  low  toxicity,  in  order  to 
meet  the  requirements  of  the  FDA.  In  addition,  these 
materials  should  be  reproducible  in  a  scalable  manner 
with  high  purity  and  low  cost.  Most  reported  nanoma¬ 
terials  are  synthesized  and  modified  in  small  batches. 
Standard  protocols  must  be  provided  for  industrial-scale 
production  of  nanoscale  pharmaceutical  adjuvant  mate¬ 
rials.  Comprehensive  assessment  of  the  biosafety  issues 
of  nanomaterials,  such  as  biocompatibility,  biodegradation 
and  biodistribution,  should  also  be  provided.  Drug  deliv¬ 
ery  mechanisms  should  be  further  studied  for  a  better 
understanding  of  pharmacodynamics  and  pharmacokinet¬ 
ics  of  different  nanocarriers.  As  far  as  we  know,  size, 
shape,  charge,  functional  groups,  and  other  propeties  of 
nanomaterials  all  have  an  impact  on  their  interaction  with 
biosystems.  We  need  to  understand  the  role  played  by  each 
property,  so  that  the  pharmacological  attributes  of  nano¬ 
materials  can  be  optimized.  Nowadays,  many  scientists 
are  working  hard  to  overcome  these  challenges  and  we 
are  sure  that  nanoscale  materials  have  a  bright  future  as 
pharmaceutical  adjuvants. 
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ABSTRACT  The  aim  of  this  study  was  to  determine  the  size-dependent 
penetration  ability  of  gold  nanoparticles  and  the  potential  application  of 
ultrasmall  gold  nanoparticles  for  intranucleus  delivery  and  therapy.  We  synthe¬ 
sized  gold  nanoparticles  with  diameters  of  2, 6, 10,  and  16  nm  and  compared  their 
intracellular  distribution  in  MCF-7  breast  cancer  cells.  Nanoparticles  smaller  than 
10  nm  (2  and  6  nm)  could  enter  the  nucleus,  whereas  larger  ones  (10  and  16  nm) 
were  found  only  in  the  cytoplasm.  We  then  investigated  the  possibility  of  using 
ultrasmall  2  nm  nanoparticles  as  carriers  for  nuclear  delivery  of  a  triplex-forming 
oligonucleotide  (TFO)  that  binds  to  the  c-myc  promoter.  Compared  to  free  TFO,  the 
nanopartide-conjugated  TFO  was  more  effective  at  reducing  c-myc  RNA  and  c-myc  protein,  which  resulted  in  reduced  cell  viability.  Our  result  demonstrated 
that  the  entry  of  gold  nanoparticles  into  the  cell  nucleus  is  critically  dependent  on  the  size  of  the  nanoparticles.  We  developed  a  strategy  for  regulating 
gene  expression,  by  directly  delivering  TFOs  into  the  nucleus  using  ultrasmall  gold  nanoparticles.  More  importantly,  guidelines  were  provided  to  choose 
appropriate  nanocarriers  for  different  biomedical  purposes. 

KEYWORDS:  ultrasmall  gold  nanoparticles  •  cancer  cell  nucleus  •  size-dependent  ■  gene  regulation  •  cancer  therapy 


Nanoscale  materials  have  been  re¬ 
ceiving  increasing  attention  in  the 
field  of  biomedicine.  Understand¬ 
ing  of  the  behavior  of  nanomaterials,  espe¬ 
cially  nanoparticles  (NPs),  in  living  system 
is  vitally  important  for  both  the  design  of 
functionalized  nanoparticles  and  the  appli¬ 
cation  of  some  nanomaterial-based  medi¬ 
cines  already  in  use.  Due  to  their  superior 
physiochemical  properties,  nanomaterials 
exhibit  excellent  advantages  in  biomedical 
research,  such  as  accumulating  preferentially 
at  sites  of  tumor  growth  or  inflammation, 
entering  cells  much  more  rapidly  through 
different  mechanisms  compared  to  small 
molecules,  delivering  of  various  payloads 
into  their  targets,  and  being  modified  con¬ 
veniently  to  perform  desirable  functions.1  ~4 
For  nanoparticles,  one  of  the  key  parameters 
is  size.  The  nanoparticle-mediated  in  vivo 


and  in  vitro  response  is  size-dependent.  Pre¬ 
vious  studies  showed  that  nanoparticles  with 
different  sizes  had  distinctive  distributions  in 
the  organs  of  living  mice, 5-8  were  taken  up 
into  cells  by  different  mechanisms,9,10  and 
followed  a  size-specific  pathway  until  they 
escaped  from  the  cells.1 1  We  have  previously 
demonstrated  that  smaller  nanoparticles 
(50  nm)  can  penetrate  deeply  into  tumor 
tissue  more  easily  and  effectively  than  their 
larger  counterparts  (1 00  nm).1 2  Among  kinds 
of  nanoparticles,  gold  nanoparticles  have 
received  much  attention  due  to  their  easy 
fabrication,  controllable  size  and  shape, 
tunable  surface  functionalization,  and  good 
biocompatibility.10,13-16  In  the  past  few 
years,  much  effort  has  been  made  to  develop 
nanoparticle-based  therapeutic  approaches. 
The  application  of  gold  nanoparticles  is  con¬ 
tinuously  booming,  including  drug  and  gene 
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delivery  vehicles,  diagnostic  tools,  imaging  agent 
in  therapy,  and  biomarkers  in  the  pharmaceutical 
field,  etc.17-19 

Nucleus  is  the  most  important  organelle  in  regulat¬ 
ing  reproduction,  growth,  metabolism,  and  death  of 
cells  through  gene  expression.  Controlling  the  nuclear- 
governed  processes  has  been  a  major  goal  for  nuclear- 
targeted  therapy.  However,  most  of  the  nanomaterials 
enter  the  cytoplasm  exclusively.  Information  regarding 
the  uptake  and  penetration  of  nanoparticles  in  the 
nucleus  and  their  application  in  regulating  gene  ex¬ 
pression  is  limited.  Previously,  gold  nanostars  were 
used  to  deliver  drugs  to  the  nucleus  and  induce 
nuclear  phenotype  change  and  apoptosis.20  The 
use  of  nuclear-targeting  Au  NPs  was  also  reported 
by  Mostafa  ef  al.  to  selectively  disturb  the  division 
of  cancer  cells  under  the  observation  of  cytokinesis 
arrest.21  Therapeutic  or  reporter  genes  attached  to 
magnetic  nanoparticles  for  gene-targeting  delivery 
via  high-gradient/high-field  magnets  demonstrated 
in  vitro  transfection  of  a  variety  of  cell  lines.22  However, 
nuclear  targeting  was  indirectly  achieved  by  conjugat¬ 
ing  nuclear  targeting  peptides  with  nanoparticles  or 
magnetic  targeting  in  these  studies. 

Gene  therapy  is  a  growing  field  of  medicine  that 
introduces  genetic  materials  into  the  body  to  treat 
diseases  23-25  Antisense  (AS)  gene  therapy  is  a  poten¬ 
tially  powerful  candidate  for  clinical  treatment  of  var¬ 
ious  diseases,  such  as  cancer  and  HIV/AIDS  23,26  Triplex¬ 
forming  oligonucleotides  (TFOs)  are  known  to  form 
triplexes  with  specific  DNA  sequences,  thereby  inter¬ 
fering  with  gene  transcription.  However,  due  to  the 
high  activity  of  DNase  in  the  cytoplasm,  most  TFOs  are 
degraded  before  forming  a  triplex  with  the  target 
sequence.  Thus,  the  application  of  TFOs  is  limited. 
Previous  studies  have  reported  that  conjugation  with 
Au  NPs  can  improve  the  stability  of  oligonucleotides 
and  prevent  their  degradation.27-29  However,  none 
of  these  methods  could  directly  deliver  TFOs  into  the 
nucleus,  and  the  therapeutic  efficiency  of  TFOs  is  still 
maintained  at  a  low  level. 

Herein,  we  first  report  using  tiopronin-covered  gold 
nanoparticles  (Au-TlOP  NPs)  as  a  typical  model  to 
directly  target  a  nucleus  based  on  the  nanoparticle's 
specific  physiochemical  properties.  Tiopronin  is  widely 
used  as  a  thiol  drug  with  good  biocompatibility.30 
Since  the  thiol  groups  of  tiopronin  can  bind  to  the 
surface  of  nanoparticles  to  prevent  coagulation,  it  is 
used  as  a  stabilizing  agent  for  metal  nanoparticles.31 
Additionally,  small  molecules,  peptides,  or  drugs  can 
be  modified  to  the  carboxyl  group  of  tiopronin  for 
different  biomedical  applications.  In  this  study,  we  find 
that  only  gold  nanoparticles  smaller  than  1 0  nm  (2  and 
6  nm)  can  enter  the  nucleus.  The  larger  ones  (10  and 
1 6  nm)  are  localized  exclusively  outside  of  the  nucleus 
in  the  cytoplasm  (Scheme  1 ).  Importantly,  we  used  the 
ultrasmall  2  nm  Au  NPs  as  a  carrier  and  gene  regulator 


Scheme  1.  Schematic  illustration  of  the  cfistribution  and 
localization  behavior  of  smaller  (2  nm)  and  larger  (10  nm) 
Au-TlOP  NPs  in  MCF-7  cancer  cells.  The  ultrasmall  2  nm  Au- 
TIOP  NPs  were  used  as  a  carrier  to  enter  the  nucleus  and 
deliver  a  TFO  (POY2T)  to  regulate  gene  expression. 

to  deliver  triplex-forming  oligonucleotides  into  the 
nucleus  directly.  Our  result  shows  that  the  expression 
of  targeted  gene  was  significantly  down-regulated  by 
a  2  nm  Au  NP— TFO  complex  at  a  concentration  much 
lower  than  that  of  free  TFOs. 

RESULTS  AND  DISCUSSION 

Characterization  of  Au-TlOP  NPs  with  Different  Sizes.  In 

order  to  investigate  whether  gold  nanoparticles  with 
different  sizes  have  distinctive  localization  behavior 
and  the  ability  to  enter  the  nucleus  in  breast  cancer 
cells,  tiopronin-coated  gold  nanoparticles  with  sizes 
ranging  from  2  to  16  nm  were  synthesized  in  this  study. 
Tiopronin  is  a  very  well-known  pharmaceutical  drug  used 
for  the  treatment  of  rheumatoid  arthritis  and  cystinuria, 
and  its  biocompatibility  is  quite  well-established 
already.23  As  shown  in  Figure  SI  in  Supporting  Informa¬ 
tion,  2  and  6  nm  Au-TlOP  NPs  were  directly  prepared  by 
reduction  of  sodium  borohydride  with  the  protecting 
agent  tiopronin.  For  the  10  and  16  nm  Au-TlOP  NPs, 
citrate-stabilized  gold  nanoparticles  were  first  prepared, 
then  a  surface  molecular  ligand  exchange  method  was 
used  to  add  tiopronin. 

The  morphology  of  the  as-prepared  Au-TlOP  NPs 
with  different  sizes  is  shown  in  Figure  1  A.  TEM  images 
revealed  that  the  gold  nanoparticles  have  uniform 
spherical  morphology  and  narrow  size  distribution 
(Figure  S2  in  Supporting  Information).  Compared  with 
the  15  nm  BBI  gold  nanoparticles  (Figure  S3  in  Sup¬ 
porting  Information),  the  sizes  of  as-prepared  nano¬ 
particles  were  measured  and  200  NPs  of  each  size  were 
statistically  analyzed  and  found  to  be  about  2.1  ±  0.6, 
5.6±0.8, 10.5±2.1,and  1 5.8  ±  2.4  nm.  In  addition,  the 
hydrodynamic  diameters  of  the  Au-TlOP  NPs  were 
measured  by  dynamic  light  scattering  (DLS)  and  are 
shown  in  Table  1.  It  is  reasonable  that  the  hydrody¬ 
namic  diameters  were  a  little  larger  than  the  sizes 
determined  by  TEM,  due  to  the  different  measuring 
principles  of  each  method.  For  simplicity,  the  sizes 
of  the  Au-TlOP  NPs  are  referred  to  as  2,  6,  10,  and 
16  nm  in  the  rest  of  this  paper.  The  ^-potentials  of  each 
size  of  Au-TlOP  NP  were  analyzed  using  a  Nano  ZS 
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Figure  1.  Characterization  of  2,  6,  10,  and  16  nm  Au-TlOP  NPs  and  Au-FITC  NPs  with  different  sizes.  (A)  TEM  images 
and  the  corresponding  size  distribution  histograms  of  the  different  sizes  of  Au-TlOP  NPs.  (B)  XRD  patterns  of 
as-synthesized  Au-TlOP  NPs.  (C)  Gel  shift  assay  of  as-synthesized  Au-TlOP  NPs.  (D)  Fluorescence  spectra  of  the 
as-synthesized  Au-FITC  NPs  and  free  FITC.  (E)  Photos  of  as-synthesized  Au-FITC  NPs  and  free  FITC  under  a  daylight 
lamp  and  a  UV  lamp. 


TABLE  1.  Characterization  of  As-Synthesized  Au-TlOP  NPs 
and  Au-FITC  NPs 

hydrodynamic 


sample 

UV-vis  2max  (nm) 

diameter  (nm/PDI) 

^-potential  (mV) 

2  nm  Au-TlOP  NPs 

505 

2.58/0.39 

-43.9 

2  nm  Au-FITC  NPs 

456/477 

4.7/0.46 

-29.2 

2  nm  AU-P0Y2T  NPs 

507 

3.6/0.40 

-30.4 

6  nm  Au-TlOP  NPs 

518 

6.11/0.33 

-41.1 

2  nm  Au-FITC  NPs 

458/480 

10.02/0.45 

-28.5 

10  nm  Au-TlOP  NPs 

521 

11.21/0.20 

-39.1 

10  nm  Au-FITC  NPs 

458/479 

15.49/0.27 

-27.4 

16  nm  Au-TlOP  NPs 

525 

16.8/0.31 

-35.9 

16  nm  Au-FITC  NPs 

458/477 

19.33/0.43 

-26.7 

Zetasizer  and  are  shown  in  Table  1 .  The  ^-potentials  of 
Au-TlOP  NPs  were  —43.9  mV  (2  nm),  —41 .1  mV  (6  nm), 
—39.1  mV  (10  nm),  and  —35.9  mV  (16  nm).  All  of  the 
Au-TlOP  NPs  were  negatively  charged,  and  there  was 
a  minor  difference  (2—3.2  mV)  between  each  pair  of 
adjacent  sizes. 

X-ray  diffraction  (XRD)  analysis  was  also  used  to 
characterize  the  four  sizes  of  gold  nanoparticles.  As 
shown  in  Figure  1 B,  there  were  five  primary  diffraction 
peaks  at  38.187,  44.385,  64.576,  77.567,  and  81.722, 
which  could  be  correspondingly  indexed  to  the  crystal 
planes  of  (1 1 1 ),  (200),  (220),  (3 1 1 ),  and  (222)  of  Au.  This 
result  was  consistent  with  the  XRD  patterns  of  Au  with 
a  PDF  number  of  04-0784  (cubic,  a  =  b  =  c  =  0.2884  nm, 
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d(111)  =  0.2355  nm).  A  previous  report  showed  that 
the  smaller  the  particle,  the  wider  the  corresponding 
XRD  peak.32  This  has  also  been  confirmed  in  this  study, 
as  shown  in  Figure  1 B.  Due  to  the  preparation  of  such 
small  nanoparticles  and  the  reduced  degree  of  crystal¬ 
lization,  diffraction  peaks  of  the  Au  NP  samples  exhib¬ 
ited  a  degree  of  broadening.  Furthermore,  according 
to  the  famous  Scherrer  equation,  D  =  kXIB  cos  0,33  the 
calculation  based  on  the  (111)  peak  line  width  at  half¬ 
maximum  intensity  from  top  to  bottom  roughly 
showed  that  the  average  sizes  of  the  nanoparticles 
were  about  16,  10,  6,  and  2  nm.  These  sizes  are  also 
consistent  with  the  results  above. 

Electrophoresis  of  colloidal  gold  nanoparticles  was 
conducted  not  only  to  demonstrate  the  surface  charge 
of  the  particles  but  also  to  determine  their  relative 
size.34  As  shown  in  Figure  1C,  all  of  the  nanoparticles 
with  good  dispersion  moved  toward  the  anode  side 
of  the  electrophoresis  tank,  meaning  that  they  were  all 
negatively  charged.  It  was  also  obvious  that  the  2  nm 
Au-TlOP  NPs  traveled  the  longest  distance  while  the 
1 6  nm  Au-TlOP  NPs  moved  the  shortest  distance  within 
the  same  time.  This  can  be  attributed  to  the  different 
resistance  to  the  gel,  which  is  related  to  the  particle 
size.  It  is  reasonable  to  assume  that,  since  the  surface 
charges  were  almost  the  same,  the  electrophoresis 
speed  or  distance  traveled  by  the  NPs  was  determined 
by  their  sizes. 

Moreover,  in  order  to  confirm  the  dispersion  of 
synthesized  Au-TlOP  NPs  in  relevant  media,  additional 
stability  experiments  were  conducted.  As  shown  in 
Figure  S4  in  Supporting  Information,  Au-TlOP  NPs  were 
well-dispersed  in  the  relevant  media  in  a  discrete  state, 
and  the  absorption  peaks  of  each  particle  dispersed  in 
different  solutions  also  trended  toward  identical  behav¬ 
iors  (for  the  ultrasmall  size  of  synthesized  nanoparticles, 
the  DMEM  culture  medium  could  not  be  used  for 
this  test). 

In  summary,  several  methods  were  used  to  demon¬ 
strate  that  we  successfully  prepared  spherical-shaped 
and  stable  Au-TlOP  NPs  with  diameters  of  2,  6, 10,  and 
16  nm  with  good  PDI.  As  these  nanoparticles  differed 
only  in  size,  they  were  used  for  the  following  studies. 

Characterization  of  Au-FITC  NPs  with  Different  Sizes.  In 
order  to  observe  the  exact  distribution  of  the  nano¬ 
particles  in  cells  through  confocal  laser  scanning  mi¬ 
croscopy  (CLSM),  different  sizes  of  Au-TlOP  NPs  were 
labeled  with  FITC.  As  shown  in  Figure  S5  in  Supporting 
Information,  PEG2000  was  used  as  a  linker  between 
particles  and  FITC  to  prevent  fluorescence  quench¬ 
ing  due  to  the  nanomaterial  surface  energy  transfer 
effect.35,36  The  particle  size  and  morphology  of  FITC- 
labeled  gold  nanoparticles  can  be  visualized  by  TEM 
(Figure  S6  in  Supporting  Information).  As  a  result  of  the 
attachment  of  polymers  to  the  surface  of  the  particles, 
the  monodispersity  of  the  gold  nanoparticles  de¬ 
creased  and  localized  aggregation  occurred.  Furthermore, 


because  of  the  polymeric  covering,  the  size  of  the  nano¬ 
particles  increased  (Table  1). 

UV— vis  absorption  spectroscopy,  a  common  meth¬ 
od  to  characterize  gold  nanoparticles,  was  used  to 
acquire  the  absorbance  spectra  of  the  nanoparticles 
before  and  after  FITC  labeling.  As  shown  in  Figure  S7 
in  Supporting  Information  (a— d,  black),  the  UV— vis 
absorption  peak  was  red-shifted  as  the  size  of  the  Au- 
TlOP  NPs  increased.  The  measured  absorption  peaks  of 
the  2, 6, 10,  and  16nm  Au-TlOP  NPs  were  505, 518, 521, 
and  525  nm,  respectively.  This  result  was  in  agreement 
with  the  Mie  theory.37  The  maximum  absorption  wave¬ 
length  of  the  FITC  molecule  is  between  490  and 
495  nm,  and  its  maximum  emission  wavelength  is 
around  525—530  nm,  resulting  in  a  bright  yellow-green 
fluorescence.  After  fluorescence  labeling,  as  the  red 
curves  show  (Figure  S7  in  Supporting  Information),  all 
four  sizes  of  Au-TlOP  NPs  have  large  absorption  peaks 
between  450  and  480  nm,  which  are  similar  to  the 
absorption  peak  at  492  nm  of  free  FITC.  The  fluores¬ 
cence  spectra,  as  shown  in  Figure  1 D,  indicated  that 
the  FITC-labeled  nanoparticles  also  have  different 
levels  of  emission  and  the  emission  peaks  are  all  con¬ 
sistent  with  that  of  free  FITC.  As  shown  in  Figure  1 E,  the 
color  of  each  nanoparticle  solution  changed  after 
fluorescence  labeling.  FITC-labeled  nanoparticles  also 
emit  similar  yellow-green  fluorescence  under  ultra¬ 
violet  light  compared  with  the  free  FITC  solution.  This 
also  proved  that  the  prepared  gold  nanoparticles  have 
fluorescent  characteristics  that  are  suitable  for  use  in 
the  CLSM  study. 

Size  is  a  critically  important  factor  in  this  study,  so 
more  than  one  method  was  used  to  measure  the 
particle  size  to  ensure  the  credibility  of  the  following 
experiment.  All  the  data  (Figure  S8  and  Figure  S9  in 
Supporting  Information)  are  summarized  in  Table  1 .  As 
mentioned  above,  the  different  UV— vis  absorption 
peaks  reflect  the  different  sizes  of  the  gold  nanoparti¬ 
cles.  Compared  with  TEM  images,  DLS  characterization 
gives  the  true  hydrodynamic  diameter,  which  reflects 
the  real  dispersed  state  of  gold  nanoparticles  in  solu¬ 
tion,  especially  when  they  are  surface-modified  by 
polymers.  For  example,  the  hydrodynamic  size  of  the 
6  nm  Au-TlOP  NPs  changed  from  6.1 1  to  1 0.02  nm  after 
FITC  modification,  which  means  that  the  PEG-FITC 
polymer  added  a  3—4  nm  thick  surface  cover  to  the 
nanoparticles.  The  ^-potential  changes  were  also  ob¬ 
served,  as  shown  in  Table  1. 

Distribution  of  Au-TlOP  NPs  with  Different  Sizes  in  MCF-7 
Cells.  Bio-TEM  was  conducted  to  observe  the  distribu¬ 
tion  of  Au-TlOP  NPs  in  MCF-7  cells.  After  treatment  with 
different  sizes  of  Au-TlOP  NPs,  cells  were  harvested  and 
sectioned  for  bio-TEM  analysis.  As  shown  in  Figure  2,  2 
and  6  nm  Au-TlOP  NPs  were  located  in  both  cytoplasm 
and  nucleus.  More  importantly,  they  were  found  to  be 
monodispersed  in  the  cell,  not  aggregated.  In  contrast, 
the  larger  Au-TlOP  NPs  (1 0  and  1 6  nm)  were  located  in 
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Figure  2.  Bio-TEM  images  of  the  localization  of  2,  6,  1 0,  and  1 6  nm  Au-TlOP  NPs  in  MCF-7  cells  after  24  h  treatment. 


the  cytoplasm,  and  none  of  them  entered  the  cell 
nucleus.  Additionally,  most  of  them  were  trapped  in 
vesicles.  We  reasoned  that  the  size-dependent  nuclear 
distribution  of  the  Au-TlOP  NPs  is  related  to  the  nuclear 
pore  complex  (NPC),  which  is  reported  to  allow  cargos 
smaller  than  9  nm  to  enter  the  nucleus  freely.38  This 
hypothesis  was  further  proved  by  our  next  experiment. 

Bio-TEM  results  indicate  that  the  smaller  2  and  6  nm 
Au-TlOP  NPs  have  the  ability  to  enter  the  nuclei  of 
tumor  cells.  Thereafter,  the  quantitative  distribution  of 
Au-TlOP  NPs  in  cell  nucleus  was  determined  by  ICP-MS. 
Cell  nuclei  were  extracted  for  ICP-MS  analysis  after 


incubation  for  different  times  with  various  con¬ 
centrations  of  Au-TlOP  NPs.  The  number  of  NPs  was 
then  calculated  according  to  a  previously  reported 
method.16  As  shown  in  Figure  3A(a),  when  cells  were 
incubated  with  increasing  concentrations  (1  to  1 00  nM 
in  particle  number  dose)  of  2  nm  Au-TlOP  NPs  for  24  h, 
the  number  of  NPs  in  cells  and  nuclei  increased  and  the 
intranuclear  percentage  of  Au-TlOP  NPs  in  whole  cells 
reached  about  40%  when  the  incubation  concen¬ 
tration  was  raised  to  100  nM.  When  the  incuba¬ 
tion  concentration  was  100  nM,  the  amount  of  2  nm 
Au-TlOP  NPs  in  cells  and  nuclei  also  increased  with 


HUO  ETAL. 


VOL.  XXX  ■  NO.  XX  ■  000-000  ■  XXXX  AC|\|^|"v|Q) 


E 


www.acsnano.org 


ARTICLE 


Concentration  of  2  nm  Au-TlOP  NPs  (nM) 


B  a 


20 


</> 

CL 

f  15H 

o 


10- 


I 

£ 

3 

z 


I — I  Intracellular 
i — l  Intranuclear 


1  10  100 
Concentration  of  6  nm  Au-TlOP  NPs  (nM) 


Figure  3.  Number  of  2  and  6  nm  Au-TlOP  NPs  in  cells  and  nuclei.  (A)  Number  of  2  nm  Au-TlOP  NPs  (a)  after  24  h  treatment  at 
concentrations  of  1, 10,  and  100  nM;  (b)  after  treatment  for  3, 6, 12,  and  24  h  at  a  concentration  of  100  nM.  (B)  Number  of  6  nm 
Au-TlOP  NPs  (a)  after  24  h  treatment  at  concentrations  of  1,  10,  and  100  nM;  (b)  after  treatment  for  3,  6,  12,  and  24  h  at  a 
concentration  of  100  nM.  All  the  volumes  of  Au-TlOP  NPs  solution  added  were  1  mL,  and  the  concentration  was  in  particle 
number  dose. 


increasing  incubation  time  (Figure  3A(b)),  which  is 
in  accordance  with  the  result  in  Figure  3A(a).  Similar 
results  were  obtained  for  6  nm  Au-TlOP  NPs  (Figure  3B), 
but  a  significant  difference  was  that  the  number  of 
6  nm  Au-TlOP  NPs  in  the  cells  and  nuclei  was  about  1/4 
of  that  for  cells  treated  with  2  nm  Au-TlOP  NPs  under 
the  same  conditions.  This  also  demonstrated  that  the 
smaller  2  nm  Au-TlOP  NPs  can  enter  into  cells  and 
nuclei  more  easily  and  quickly  than  the  6  nm  Au-TlOP 
NPs,  which  is  consistent  with  the  Bio-TEM  images. 

Distribution  of  Au-FITC  NPs  with  Different  Sizes  in  MCF-7 
Cells.  The  fluorescent  molecule  FITC  was  conjugated  to 
Au-TlOP  NPs  for  CLSM.  As  shown  in  Figure  4,  only  2  nm 
Au-FITC  NP-treated  MCF-7  cells  exhibited  an  FITC 
signal  (indicating  the  location  of  the  nanoparticles)  in 
both  cytoplasm  and  nucleus.  Cells  treated  with  the 
other  three  larger  nanoparticles  exhibited  an  FITC 
signal  in  the  cytoplasm  only.  From  these  results,  we 
concluded  that  the  2  nm  Au-FITC  NPs  were  capable  of 
entering  the  cell  nucleus  and  6, 10,  and  16  nm  Au-FITC 
NPs  were  not.  This  raises  the  question  why  the  6  nm 
nanoparticles  were  located  in  the  nucleus  in  the  TEM 
experiment  but  in  the  cytoplasm  only  in  the  CLSM 
experiment.  This  result  could  be  interpreted  in  terms  of 
the  size  increase  which  occurred  when  the  Au-TlOP 
NPs  were  conjugated  to  FITC  using  PEG  as  a  linker.  The 
hydrodynamic  diameter  of  the  6  nm  Au-FITC  NPs  was 
actually  1 0.02  nm  after  fluorescence  labeling,  as  shown 
in  Table  1.  This  final  size  was  larger  than  the  9  nm 


threshold  of  the  NPC,  thus  limiting  the  free  entry  of  the 
nanoparticles  into  the  nucleus. 

Ultrasmall  Au-TlOP  NPs  for  Carrying  DNA  into  the  Nudeus. 
Triplex-forming  oligonucleotides  are  a  kind  of  single- 
stranded  DNA  which  can  bind  to  the  major  groove  of 
double-stranded  DNA  and  form  a  triplex.39  The  binding 
between  TFOs  and  double-stranded  DNA  follows  the 
principle  of  Floogsteen  base  pairing;  therefore,  a  TFO 
can  be  designed  to  bind  to  a  specific  double-stranded 
DNA  sequence.  TFOs  have  been  used  to  bind  to  the 
transcription  initiation  site  of  a  target  gene  and  inhibit 
its  transcription,  eventually  silencing  the  gene.  How- 
ever,  TFOs  are  quite  vulnerable  in  cells  and  blood 
due  to  high  DNase  activity.  High  concentrations  of 
TFOs  are  needed  to  achieve  gene  down-regulation. 
Many  studies  reported  that  DNA  stability  was  increased 
significantly  by  conjugating  the  DNA  with  gold  nano- 
particles.29,40'41  The  high  salt  concentration  around 
gold  nanoparticles  and  steric  hindrance  between 
DNase  and  the  conjugated  DNA  strand  successfully 
protected  the  DNA.  Thus,  we  decided  to  use  our  gold 
nanoparticles  as  a  TFO  carrier.  As  TFOs  are  only  effec¬ 
tive  in  the  cell  nucleus,  we  took  advantage  of  the  ability 
of  2  nm  Au-TlOP  NPs  to  enter  the  nucleus  and  chose 
2  nm  Au-TlOP  NPs  as  the  TFO  carrier. 

We  selected  a  TFO  named  POY2T  from  a  previous 
report.42  POY2T  is  a  23  nt  oligonucleotide  (TGGGTGG- 
GTGGl  I  IGI  I  I  I  IGGG)  which  can  bind  to  the  P2  pro¬ 
moter  of  the  c-myc  oncogene  and  down-regulate 
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Figure  4.  Intracellular  localization  of  Au-FITC  NPs  with  different  sizes  in  MCF-7  cells  observed  by  confocal  laser  scanning 
microscopy.  MCF-7S  cells  were  cultured  in  confocal  dishes  and  incubated  with  Au-FITC  NPs  (green)  of  different  sizes  for  24  h. 
Cells  were  then  washed  with  PBS  three  times,  and  nuclei  were  stained  by  Hoechest  33342  (blue).  Cells  were  fixed  by 
paraformaldehyde  and  observed  by  confocal  microscopy  (exFrrc  =  488  nm,  exHoechest  =  405  nm). 


c-myc  expression.  Figure  S10  in  Supporting  Informa¬ 
tion  shows  that  POY2T  only  inhibits  cell  proliferation  at 
high  concentrations  (5  and  10  /(M).  In  order  to  demon¬ 
strate  the  sequence-specific  toxicity  of  POY2T,  another 
oligonucleotide  named  POY2M  with  a  scrambled 
sequence  (GGTGTGTTGTTGGTGGTGTGTTG)  derived 
from  POY2T  was  used  as  a  control  TFO  sequence.  It  is 
nontoxic  to  MCF-7  cells  at  the  same  concentra¬ 
tion  compared  with  POY2T  (Figure  S10  in  Support¬ 
ing  Information).  We  concluded  that  POY2T  was  toxic 
to  MCF-7  cells  by  down-regulating  c-myc  gene  ex¬ 
pression  and  inhibiting  cell  proliferation.43  Therefore, 
POY2T  is  an  effective  TFO  for  use  in  our  study.  5' 
Amino-modified  POY2T  was  linked  to  Au-TlOP  NPs 
through  the  carboxyl  group  of  tiopronin  (Figure  S1 1 
in  Supporting  Information).  The  TFO-modified  nano¬ 
particles  were  named  as  Au-POY2T  NPs  (Figure  5A  and 
Figure  SI  2  in  Supporting  Information).  MTT  assays 
showed  that  Au-POY2T  NPs  inhibit  cell  viability  by 
about  30%  at  a  low  concentration  (1  /rM),  and  POY2T 
was  not  toxic  at  this  concentration  (Figure  5B).  Au  NPs 
will  interfere  with  cell  functions  according  to  a  previous 
report.44  The  potential  toxicity  of  amino  modification 
should  also  be  noticed.  NH2-POY2T  or  Au-TlOP  NPs 


showed  no  cytotoxicity  at  the  same  concentration  of 
1  fiM  Au-POY2T  according  to  our  result  (Figure  5B), 
which  means  that  the  decrease  in  cell  viability  after 
treatment  with  Au-POY2T  NPs  was  not  caused  by  Au- 
TlOP  NPs  or  amino  modification  of  POY2T.  Moreover, 
Au-POY2M  was  set  as  a  control  of  Au-POY2T  to  rule  out 
the  interference  of  possible  toxic  materials  introduced 
during  the  synthesis.  The  result  shows  that  Au-POY2M 
was  not  more  toxic  than  free  POY2M,  indicating 
that  the  increased  toxicity  of  Au-POY2T  NPs  was  not 
caused  by  the  conjugating  process.  It  is  the  outcome 
of  improved  stability  of  POY2T  in  culture  medium  and 
cells  after  conjugation  with  Au  NPs. 

Real-time  PCR  and  Western  blot  analyses  were 
conducted  to  determine  c-myc  expression  after  Au- 
POY2T  NP  treatment.  Real-time  PCR  results  revealed 
that  the  c-myc  mRNA  level  was  decreased  to  about 
50%  in  Au-POY2T  NP-treated  MCF-7  cells,  much  lower 
than  in  the  POY2T-treated  cells  (85%)  (Figure  5C  and 
Figure  SI  3  in  Supporting  Information).  Western  blot¬ 
ting  also  confirmed  this  result.  As  shown  in  Figure  5D 
and  Figure  S14  in  Supporting  Information,  the  c-myc 
protein  level  in  cells  was  reduced  significantly  after 
treatment  with  Au-POY2TNPsfor24  h,  and  POY2T  only 
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Figure  5.  Cytotoxicity  and  gene  regulation  evaluation  of  Au-POY2T  NPs  in  MCF-7  cells.  (A)  TEM  image  of  as-synthesized 
Au-POY2T  NPs.  (B)  Cytotoxicity  evaluation  of  Au-POY2T  NPs  compared  to  control,  Au  NPs,  POY2T,  and  NH2-POY2T  (at  1  /(M  in 
POY2T).  (C)  C-myc  mRNA  level  determined  by  real-time  PCR  after  24  h  treatment  of  5  iiM  POY2T  and  Au-POY2T.  (D)  C-myc 
protein  level  determined  by  Western  blotting  after  24  h  treatment  of  5  fiM  POY2T  and  Au-POY2T. 


showed  weak  gene  silencing  ability  compared  to  Au- 
POY2T  NPs. 

Nucleus,  as  the  center  for  cell  proliferation  regula¬ 
tion,  plays  an  important  role  in  tumor  metastasis. 
Killing  tumor  cells  by  interfering  with  their  gene  ex¬ 
pression  in  the  nucleus  has  long  been  catching  scien¬ 
tist's  eyes.  Antisense  oligonucleotides  are  potential 
candidates  for  gene  therapies  because  of  their  easy 
manipulation.  Although  the  antisense  approach  is 
attractive,  it  suffers  from  one  major  disadvantage:  the 
number  of  mRNA  molecules  in  a  cell  is  huge,  which 
makes  it  difficult  to  completely  inhibit  a  specific  mRNA. 
Moreover,  blocking  translation  of  mRNA  does  not 
prevent  mRNA  from  reproduction  because  of  the 
feedback  mechanisms  that  lead  to  increased  mRNA 
transcription  in  antisense  therapy.  Triplex-forming 
oligonucleotides  are  molecules  that  bind  to  specific 
duplex  DNA  sequence  and  can  selectively  modulate 
the  expression  of  genes.  It  is  therefore  a  much  more 
practical  approach  that  directly  blocks  gene  transcrip¬ 
tion  to  bring  down  the  mRNA  concentration  in  a  more 
efficient  and  long-lasting  way.45 

However,  the  inefficient  delivery  of  TFOs  to  the 
targeted  cell  greatly  challenges  TFOs  to  be  used  as 
antigene  agents.  Oligonucleotides  have  a  much  great¬ 
er  molecular  mass  and  are  polyanionic  compared  to 
small-molecule  pharmaceuticals,  and  these  make  the 
cellular  uptake  of  TFOs  by  passive  diffusion  inefficient. 
Therefore,  simple  addition  of  TFOs  to  culture  medium 
could  hardly  reach  the  therapeutic  concentration.  Pre¬ 
viously,  cell-penetrating  peptides  have  been  used  to 
increase  the  uptake  of  TFOs.  Other  ways,  such  as  single¬ 
cell  microinjection,  comixture  of  oligonucleotides  with 


cationic  liposomes,  and  electroporation,  have  also 
been  tried.46  50  However,  none  of  these  methods 
could  directly  deliver  TFOs  into  the  nucleus.  In  our 
method,  we  directly  delivered  TFOs  using  our  2  nm  Au 
NP  carriers,  while  avoiding  the  stress  caused  by  micro¬ 
injection  and  electroporation,  etc. 

Moreover,  even  triplex-forming  oligonucleotides 
are  successfully  internalized  into  cells,  and  they  do 
not  effectively  down-regulate  the  targeted  gene.  It  is 
because  unmodified  oligonucleotides  are  prone  to  be 
degraded  by  endogenous  DNase  enzymes,  resulting 
in  little  intact  TFOs  in  the  media  that  finally  enter 
the  nucleus.  Many  efforts  have  been  made  to  improve 
the  stability  of  triplex-forming  oligonucleotides  under 
physiological  conditions.  Typical  approaches  include 
modifying  the  nucleosides  of  TFO  or  incorporation  of 
modified  bases.  However,  while  these  modifications 
are  carried  out  to  achieve  resistance  to  undesirable 
DNase  degradation,  decreased  binding  to  the  target 
sequence  or  unspecific  binding  happens  sometimes. 
Gold  nanoparticles  have  a  high  affinity  for  oligonucleo¬ 
tides.  Our  method  of  using  ultrasmall  Au-TlOP  NPs 
functionalized  with  amino-modified  TFOs  to  deliver 
TFOs  stably  to  cells  in  the  culture  media  and  the 
binding  between  gold  nanoparticles  and  the  TFOs  is 
very  selective  and  cooperative.  Thus,  not  only  en¬ 
hanced  entry  of  TFOs  to  the  nucleus  is  achieved  but 
also  protection  of  oligonucleotide  is  achieved  while 
keeping  its  specificity  and  high  transcription  inhibition 
efficacy.  During  the  binding  of  TFO  with  the  DNA  double 
helix  in  the  major  groove,  Au  NPs  and  other  TFOs  may 
cause  steric  hindrance,  but  2  nm  Au  NPs  are  even 
smaller  than  the  width  of  the  major  groove  (22  A).51 
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Oligonucleotide  is  also  considered  to  be  a  flexible 
material,  and  only  a  few  TFOs  are  near  the  hybridiza¬ 
tion  site.  Thus,  the  assumed  steric  hindrance  caused 
by  Au  NPs  and  other  TFOs  is  not  likely  to  stop  hybridi¬ 
zation  of  TFO  with  the  target  site  effectively.  Another 
question  that  should  be  discussed  is  that  only  one 
TFO  in  Au-POY2T  takes  part  in  the  hybridization,  then 
higher  overall  doses  of  TFO  are  needed  theoretically. 
We  think  that  the  improved  stability  of  TFO  on  Au  NPs 
may  be  the  answer  to  this  question.  Mirkin  et  al. 
reported  that  the  half-life  of  DNA  on  Au  NPs  was  pro¬ 
longed  by  4.3  times  compared  to  that  of  free  DNA.40  Au 
NPs  can  protect  TFOs  effectively  on  their  way  from 
culture  medium  to  cell  nuclei,  while  free  TFOs  go 
unprotected.  FligherTFO  concentration  in  nuclei  could 
then  be  achieved  by  a  Au-TFO  delivery  system  at 
the  same  treatment  concentration.  Slower  diffusion 
of  larger  Au-TFO  particles  than  that  of  free  TFOs 
according  to  Stokes'  law  is  also  a  problem  which  may 
makes  Au-TFO  work  slowly.  Plowever,  the  diffusion 
speed  of  Au-TFO  and  free  TFO  will  not  be  very  different 
concerning  the  ultrasmall  size  of  Au  NPs.  Moreover, 


stability  is  the  key  in  TFO-mediated  gene  regulation, 
not  diffusion  speed.  We  therefore  think  that  slower 
diffusion  speed  will  not  compromise  the  gene  regula¬ 
tion  efficiency  of  Au-TFO. 

CONCLUSION 

In  this  work,  gold  nanoparticles  with  different  sizes 
and  consistent  surface  properties  were  selected  as  a 
typical  model  to  explore  the  interaction  between 
nanoparticles  and  the  nucleus  of  breast  cancer  cells. 
We  used  various  means  to  systematically  study  the 
entry  of  Au-TlOP  NPs  into  the  cell  nucleus  and  con¬ 
cluded  that  nuclear  entry  is  critically  dependent  on 
size.  This  work  presents  new  evidence  about  the  entry 
of  ultrasmall  Au-TlOP  NPs  into  the  cell  nucleus  and 
provides  a  new  strategy  for  regulating  gene  expression 
by  delivering  TFOs  into  the  nucleus  with  ultrasmall 
gold  nanoparticles.  Our  future  work  also  aims  at  using 
these  ultrasmall  nanoparticles  to  realize  nuclear  target¬ 
ing  for  biomedical  application.  More  importantly, 
guidelines  were  provided  to  choose  nanocarriers  for 
different  purposes  in  the  field  of  biomedicine. 


EXPERIMENTAL  SECTION 

Chemicals.  Sodium  borohydride  (>98.0%),  gold(lll)  chloride 
trihydrate  (>99.9%,  HAuCI4-3H20),  trisodium  citrate  tribasic  di¬ 
hydrate  (>99.0%),  /V-(2-mercaptopropionyl)glycine  (tiopronin), 
N-hydroxysuccinimide  (98%,  NHS,C4H5N03),N-(3-(dimethylamino- 
)propyl)-N'-ethylcarbodiimide  hydrochloride  (EDC,  C8H17N3-HCI), 
and  fluorescein  isothiocyanate  isomer  I  (>90%,  FITC,  C21HHNO5S) 
were  purchased  from  Sigma-Aldrich  (St  Louis,  USA).  L-(+)-Ascorbic 
acid  (99%)  was  supplied  by  Acros  (USA).  Amino-modified  poly¬ 
ethylene  glycol)  (PEG-2NFi2,  MW  =  2000,  99%)  was  supplied  by 
Beijing  SeaskyBio  Technology  Company.  Nitric  acid  and  hydrogen 
peroxide  (MOS  grade)  were  provided  by  Beijing  Chemical  Reagents 
Institute  (China).  Gold  stock  standard  solution  (1000  /rg/mL)  was 
obtained  from  the  National  Analysis  Center  for  Iron  and  Steel, 
China.  Unless  otherwise  noted,  all  chemicals  were  used  as  received 
without  further  purification,  and  Milli-Q  water  (18.2  MQ-cm, 
Millipore  System  Inc.)  was  used  throughout  this  study. 

Cell  Culture.  The  MCF-7  (human  breast  cancer  cell  line)  cell 
was  maintained  in  Dulbecco's  modified  Eagle's  medium 
(DMEM)  with  4.5  g/L  glucose  and  10%  fetal  bovine  serum  in 
a  water-jacketed  C02  incubator  (Forma  Series  II  3110,  Thermo 
Fisher  Scientific  Inc.,  USA)  providing  a  humidified  atmosphere 
containing  5%  C02  at  37  °C. 

Cell  Viability  Assay.  MCF-7  cells  were  seeded  at  5  x  103  cells 
per  well  in  a  96-well  plate,  preincubated  for  24  h,  then  incubated 
with  POY2T  (0.1,  1,2.5,  5,  and  10/<M),  POY2M  (0.1, 1,2.5,  5,  and 
10 /(M),  Au-POY2T  NPs  (at  1  /<M  in  POY2T),  NH2-POY2T  (at  1  fiM 
in  POY2T),  or  Au-TlOP  NPs  (as  a  control  of  Au-POY2T  NPs)  for 
24  h.The  medium  was  then  replaced  with  100/rL  of  0.5  mg/mL 
MTT,  and  after  3  h,  the  MTT  solution  was  replaced  with  150  /(L 
of  DMSO  solution.  The  absorbance  at  570  nm  of  each  well 
was  measured  by  a  microplate  reader  (Infinite  M200,  Tecan, 
Durham,  USA).  The  absorbance  at  630  nm  was  also  measured 
as  a  reference.  Untreated  cells  in  medium  were  used  as  control. 
All  standard  deviations  were  calculated  from  three  replicates. 

Isolation  of  Cell  Nuclei  and  Qualitative  Determination  of  Au  Content. 
MCF-7  cells  (1 05)  were  seeded  in  6-well  plates  24  h  in  advance. 
Afterward,  1  mL  of  Au-TlOP  NPs  of  2  and  6  nm  at  concentrations 
of  1, 10,  and  100  nM  (in  particle  number  dose)  was  added  to  the 
wells  and  incubated  for  24  h  or  incubated  for  3, 6, 12,  and  24  h  at 
a  concentration  of  100  nM.  Then  the  cells  were  washed  with 


PBS,  trypsinized,  and  centrifuged  for  3  min  at  1 79g.  The  treated 
cells  were  then  resuspended  in  2  mL  of  PBS  and  divided  into 
two  equal  groups.  One  group  was  dissolved  in  aqua  regia 
for  nitrolysis  and  then  analyzed  by  ICP-MS  for  gold  element 
quantification.  The  other  part  was  handled  for  cell  nucleus 
extraction  using  a  nuclear  extraction  kit  (SN000,  Solarbio, 
Shanghai,  China).  In  brief,  the  sample  was  grinded  in  lysis  buffer 
for  3  min,  centrifuged  at  700g  for  5  min,  resuspended  in  lysis 
buffer,  precipitated  in  medium  buffer,  and  stored  in  store  buffer. 
All  procedures  were  carried  out  at  4  °C  quickly  to  keep  nucleus 
integrity.  The  extracted  nuclei  were  also  analyzed  by  ICP-MS 
after  nitrolysis.  The  percentage  of  Au  NPs  located  in  the  cell 
nucleus  was  calculated  according  to  the  Au  content  in  the 
isolated  nuclei  compared  to  that  in  the  whole  cells. 

Subcellular  Localization  of  Au-FITC  NPs.  MCF-7  cells  were  seeded 
into  35  mm  glass  dishes,  incubated  at  37  °C  for  24  h,  then 
cultured  with  Au-FITC  NPs  at  a  gold  content  concentration  of 
5  /rM  at  37  °C  for  24  h.  Cells  were  imaged  using  a  TCS  SP2 
(Leica  Microsystems  GmbFI  Wetzlar,  Germany)  confocal  micro¬ 
scope.  Hoechest  33342  was  used  to  stain  cell  nuclei.  FITC  was 
excited  by  a  488  nm  laser,  while  Hoechest  33342  was  excited  by 
a  405  nm  laser. 

Bio-TEM  Observation  of  Au-TlOP  NP-Treated  MCF-7  Cells.  Bio-TEM 
was  carried  out  to  observe  the  distribution  of  Au-TlOP  NPs  in 
treated  MCF-7  cells.  Briefly,  MCF-7  cells  were  seeded  in  6-well 
plates  and  incubated  with  1  mL  of  Au-TlOP  NPs  at  a  concentra¬ 
tion  of  100  nMfor  24  h,  washed  with  PBS  gently  twice,  and  fixed 
overnight  using  3%  glutaraldehyde  solution  at  room  tempera¬ 
ture.  This  was  followed  by  secondary  fixation  with  1%  osmium 
tetraoxide,  then  dehydration  in  a  gradient  ethanol  series.  Cells 
were  finally  embedded  in  Epon  resin  after  3  day  polymeriza¬ 
tion  at  60  °C.  Embedded  samples  were  sectioned  (50-60  nm 
in  thickness)  and  examined  under  an  electron  microscope 
(HT7700,  120  kV,  Hitachi,  Japan).  Uranyl  acetate  staining  was 
not  used  in  this  study  to  avoid  uranyl  acetate  precipitation 
interfering  with  the  TEM  observation. 

C-myc  Gene  Expression.  C-myc  gene  expression,  in  both  mRNA 
and  protein  levels,  was  quantitatively  determined  by  reverse 
transcriptase  polymerase  chain  reaction  (RT-PCR),  real-time 
PCR,  and  Western  blotting.  MCF-7  cells  were  incubated  with 
Au-POY2T  NPs  and  POY2T  at  a  POY2T  concentration  of5/<Mfor 
24  h.  For  RT-PCR,  total  mRNA  was  extracted  from  MCF-7  cells, 
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and  first-strand  cDNA  was  synthesized  using  a  PrimeScript  first- 
strand  cDNA  synthesis  kit  (Takara,  Shiga,  Japan).  Real-time  PCR 
analysis  of  c-myc  was  conducted  for  quantitative  analysis  of  the 
reduction  in  c-myc  transcription.  GAPDH  was  used  as  a  refer¬ 
ence  gene.  Specific  forward  and  reverse  primer  sequences  were 
as  follows:  c-myc  fwd,  5'-TGAGGAGACACCGCCCAC-3';  c-myc 
rev,  5'-CAACATCGATTTCTCTCATCTTC-3';  GAPDH  fwd,  5'-GAC- 
TTCAACAGCAACTCCCAC-3';  GAPDH  rev,  5'-TCCACCACCCTG- 
TTGCTGTA-3'.  PCR  parameters  were  as  follows:  one  cycle  of 
2  min  at  95  °C,  followed  by  20  s  at  95  °C,  20  s  at  55.6  °C,  and  40  s 
at  72  °C  for  45  cycles. 

For  Western  blotting,  protein  lysates  from  cells  treated 
with  5  fiM  POY2T  and  Au-POY2T  for  24  h  were  extracted  in 
TNE  lysis  buffer  (0.5%  NP-40,  10  mM  Tris,  150  mM  NaCI,  1  mM 
EDTA  and  protease  inhibitors).  Total  protein  (50  mg)  was 
separated  by  10%  SDS-PAGE  gel,  transferred  to  a  PVDF  mem¬ 
brane,  treated  with  primary  rabbit  monoclonal  c-myc  (diluted 
1:1000,  BS246;  Bioworld  Technology,  Inc.,  Minnesota,  USA),  and 
then  immunoblotted  with  peroxidase-conjugated  secondary 
antibody  (1:5000,  zsBio,  Beijing,  China). 
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ABSTRACT 


KEYWORDS 


In  the  fight  against  cancer,  controlled  drug  delivery  systems  have  emerged  to  enhance  the  therapeutic  efficacy  and  safety  of 
anti-cancer  drugs.  Among  these  systems,  mesoporous  silica  nanoparticles  (MSNs)  with  a  functional  surface  possess  obvious 
advantages  and  were  thus  rapidly  developed  for  cancer  treatment.  Many  stimuli-responsive  materials,  such  as  nanoparticles, 
polymers,  and  inorganic  materials,  have  been  applied  as  caps  and  gatekeepers  to  control  drug  release  from  MSNs.  This 
review  presents  an  overview  of  the  recent  progress  in  the  production  of  pH-responsive  MSNs  based  on  the  pH  gradient 
between  normal  tissues  and  the  tumor  microenvironment.  Four  main  categories  of  gatekeepers  can  respond  to  acidic 
conditions.  These  categories  will  be  described  in  detail. 

Mesoporous  silica  nanoparticles;  pH-responsive;  controlled  drug  release;  drug  delivery  systems;  antineoplastic  protocols 


Introduction 

Cancer  is  the  leading  cause  of  death  worldwide.  Conventional 
chemotherapy  is  often  characterized  by  clinical  inefficiency 
and  serious  side-effects,  mainly  because  of  the  leaking  out  of 
drugs  during  blood  circulation  and  nonspecific  cell/tissue 
biodistribution.  The  development  of  nanotechnology  and 
nanomedicine  in  the  past  decades  has  facilitated  the  development 
of  various  nanovehicles  for  experimental  and  clinical  application 
as  drug  delivery  systems  to  solve  these  problems1’".  Nanovehicles 
benefit  from  surface  properties  and  nanoscales  and  can  thus 
accumulate  in  tumor  tissue  effectively  with  grafted  multiple 
targeting  ligands  for  ‘active  targeting’,  while  exhibiting  enhanced 
permeability  and  retention  effect  (EPR)  for  ‘passive  targeting’, 
which  mainly  improves  local  drug  concentration  and  reduces 
nonspecific  tissue  biodistribution3  \  Nanovehicles  can  carry 
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a  large  payload  of  cargoes  and  be  conveniently  modified  to 
perform  desirable  functions,  such  as  controlling  drug  release6, 
improving  blood  circulation  half-life7,  increasing  bioavailability, 
and  bypassing  multidrug  resistance  mechanism8,9. 

The  most  commonly  used  nanovehicles  include  liposomes10, 
micelles11,  dendrimers12,  nanoparticles13,  and  inorganic  materials14. 
However,  several  barriers  block  clinical  translocation  of  these 
nanovehicles  to  a  certain  extent  because  of  the  premature  release 
and  early  extraction  before  reaching  the  target,  uncontrollable 
rate  of  release  to  obtain  low  local  concentration,  and  inefficient 
cellular  uptake  and  endosomal  escape13 17  Thus,  controlled  drug 
delivery  systems  should  be  designed.  In  such  systems,  controlled 
drug  release  at  special  time  and  space  on  demand  can  be  achieved 
with  a  ‘zero  release’  effect  in  blood  circulation  to  protect  healthy 
tissues  from  toxic  drugs  and  to  prevent  drug  decomposition. 
Several  controlled  drug  delivery  nanovehicles  based  on  organic 
platforms  have  been  fabricated18 Discoveries  based  on  inorganic 
materials  have  recently  opened  up  new  and  exciting  possibilities 
in  designing  controlled  drug  delivery  systems.  These  materials 
include  gold  nanoparticles14,  magnetic  nanoparticles21,  and  silica 
nanoparticles22. 

Among  these  inorganic  materials,  mesoporous  silica  nanoparticles 
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(MSNs)  have  aroused  significant  interest  and  rapidly  developed  into 
an  important  candidate  for  nanomedical  applications  since  a  MCM- 
41 -type  mesoporous  silica  material  was  first  reported  as  a  drug 
delivery  system  in  200 123.  As  shown  in  Figure  1,  the  simple,  scalable, 
and  cost-effective  fabrication,  as  well  as  non-toxic  nature,  large 
surface  area  and  pore  volume,  and  high  density  silanol-containing 
surface  are  apparent  advantages  of  MSNs.  On  one  hand,  the  textural 
characteristics  of  MSNs  increase  the  loading  amount  of  anti-cancer 
drugs  that  are  encapsulated  in  pore  tunnels.  On  the  other  hand, 
the  silanol-containing  surface  can  be  easily  modified  with  various 
molecules,  resulting  in  an  enhanced  profile  for  the  pharmacokinetics 
and  pharmacodynamics  of  therapeutic  agents22.  Moreover,  the 
nanotunnels  that  encapsulate  cargoes  can  be  sealed  with  various 
gatekeepers,  and  such  cargoes  will  not  be  released  until  triggered  by 
stimuli,  which  offers  an  opportunity  to  design  stimuli-responsive 
drug  delivery  systems  for  controlled  release. 

The  stimulus  can  be  divided  into  endogenous  stimulus 
and  exogenous  stimulus1'.  Endogenous  stimuli  arise  from  the 
microenvironment  differences  between  normal  tissues  and 
tumor,  such  as  reduced  intercellular/intracellular  pH,  higher 
redox  potential,  and  increased  level  of  certain  enzymes24'25. 
However,  exogenous  stimuli  are  based  on  extracorporeal  physical 
alterations,  including  temperature  changes,  magnetic  fields, 
ultrasounds,  as  well  as  light  and  electric  fields17.  Among  these 
stimuli,  low  pH  is  easy  to  achieve  and  has  become  the  focus  of 
numerous  investigations  in  oncology  because  the  extracellular 
pH  of  normal  tissues  and  blood  is  approximately  7.4,  whereas 
that  in  a  tumor  microenvironment  is  between  6.0  and  7.0, 
which  is  mainly  caused  by  high  glycolysis  rate  and  high  level 
of  C0226.  The  pH  value  will  drop  further  from  the  extracellular 
microenvironment  of  a  tumor  to  intracellular  organelles,  such 


as  endosomes  (pH=5.5)  and  lysosomes  (pH<5.5).  Therefore, 
the  abnormal  pH  gradients  combined  with  the  advantages  of 
MSNs  provide  opportunities  to  realize  pH-responsive  MSNs  as 
controlled  drug  delivery  systems  for  cancer  treatment. 

Many  groups  have  reported  on  pH-responsive  MSNs  modified 
with  various  gatekeepers.  The  triggered  release  of  anti-cancer 
drugs  from  nanotunnels  of  mesoporous  materials  has  mainly  been 
achieved  by  using  polyelectrolytes,  supramolecularnanovalves, 
pH-sensitive  linkers,  and  acid-decomposable  inorganic  materials2'. 

In  this  paper,  we  review  the  recent  advances  in  drug  delivery 
of  pH-responsive  MSNs  with  four  categories  of  gatekeepers  for 
cancer  treatment  based  on  tumor  microenvironment. 

pH-responsive  MSNs  with  polyelectrolytes 
gatekeepers 

Polyelectrolytes,  which  are  polymers  with  repeating  units  that  bear 
electrolyte  groups,  are  either  absorbed  or  covalently  bonded  to 
the  surface  of  MSNs  to  serve  as  a  mechanized  stimulus-responsive 
release  system  by  transformation  under  different  pH  values28. 
Under  neutral  or  weakly  basic  conditions,  the  polyelectrolytes 
tightly  wrap  around  the  particle  surface  and  block  multiple 
openings.  With  decreasing  pH  value,  the  polyelectrolytes  are 
triggered  to  go  through  swelling  or  coiling  so  that  the  cargoes  are 
released  from  the  unblocked  pores29. 

Feng  et  al?°  synthesized  a  type  of  pH-responsive  MSNs  with 
polyelectrolyte  multilayers  (PEM)  composed  of  poly  (allylamine 
hydrochloride)  (PAH)  and  sodium  poly(styrene  sulfonata)  (PSS) 
using  a  layer-by-layer  technique.  A  schematic  illustration  of  the 
construction  and  release  mechanism  of  PEM-MSNs  is  shown  in 
Figure  2A  and  2B.  The  PEM-MSNs  with  eight  polymer  layers 
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Figure  1  Synthesis  scheme  for  the  preparation  of  MSNs  (A)  and  transmission  electron  microscopy  (TEM)  images  of  MCM-41  (B).  (Figure  1A  is 
adapted  from  Ref.  22  with  permission  of  The  Royal  Society  of  Chemistry). 
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possess  maximum  encapsulation  efficiency,  and  the  release  of 
DOX  is  accelerated  under  acidic  conditions  with  incompact 
PAH/PSS  multilayers  (Figure  2C).  In  HeLa  cells,  DOX-loaded 
PEM-MSNs  are  almost  distributed  in  the  cytoplasm  within  6  h, 
and  some  DOX  is  released  from  carriers  into  the  nucleus  for  12  h. 
Meanwhile,  free  DOX  rapidly  enter  cancer  cells  and  accumulate 
in  the  nucleus  within  0.5  h.  Thus,  DOX-loaded  PEM-MSNs  are 
internalized  into  endosomes/lysosomes,  and  then  pH-triggered 
DOX  release  occurs  from  nanotunnels  because  of  the  low  pH 
(~5.0)  in  the  endosomes/lysosomes  followed  by  the  delivery  of 


released  DOX  from  cytoplasm  to  nucleus.  This  process  prolongs 
the  accumulation  of  DOX  in  the  nucleus  to  enhance  the  anti¬ 
cancer  efficiency.  Moreover,  the  blood  profiles  of  DOX  after 
intravenous  injection  of  free  DOX  and  DOX-loaded  MSNs 
show  different  patterns  (Figure  2D).  The  majority  of  free  DOX 
have  a  rapid  clearance  within  2  h  of  administration,  followed  by 
a  slow  clearance  phase.  By  contrast,  DOX-loaded  PEM-MSNs 
show  low  and  sustained  drug  concentration  in  rat  plasma  up  to 
24  h  post- injection,  possibly  because  of  the  relatively  high  pH 
value  of  blood  and  the  close  state  of  PEM-MSNs.  Furthermore, 


Figure  2  Graphical  representation  of  pH-responsive  MSNs  with  polyelectrolyte  multilayers  (A)  and  polyelectrolyte  brushes  (B).  Release  profiles 
of  DOX  from  PEM-MENs  (eight  layers)  in  different  pH  media  (C).  DOX  concentrations  in  plasma  after  DOX  and  DOX-loaded  PEM-MSNs  were 
injected  intravenously  through  the  vein  for  incremental  time  (D).  Biodistribution  of  DOX  in  healthy  SD  rats  at  2  h  (E)  and  24  h  (F)  after  DOX  and 
DOX-loaded  PEM-MSNs  at  2  mg/kg  DOX  equivalent  were  injected  intravenously  through  the  vein.  *P< 0.05  and  **P<0.01  compared  with  free 
DOX  group.  (Figure  2C,D,E,F  are  adapted  from  Ref.  30  with  permission  from  The  Royal  Society  of  Chemistry). 
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the  determination  of  DOX  levels  in  major  organs,  as  well  as  the 
histological  examination,  indicates  that  DOX-loaded  PEM-MSNs 
have  lower  systemic  toxicity  than  free  DOX  (Figure  2E,F). 

Sun  et  aVl  selected  poly[2-(diethylamino)  ethyl  methacrylate] 
(PDEAEMA)  to  functionalize  the  MSNs  through  the  surface- 
initiated  atom  transfer  radical  polymerization  of  DEAEMA.  Under 
neutral  and  alkaline  conditions,  PDMAEMA  chains  are  prone 
to  aggregate  together  with  polymer  chain-chain  interactions  to 
seal  the  nanotunnels  of  MSNs.  However,  under  acid  conditions, 
the  tertiary  amine  in  PDEAEMA  can  easily  obtain  a  proton  to 
form  quaternary  ammonium.  This  process  is  followed  by  polymer 
chain  stretching  with  the  electrostatic  repulsions  and  strong 
chain-solvent  interaction  (Figure  2B),  which  facilitates  cargo 
release.  Yang  et  a/.32"36  also  studied  the  ways  by  which  to  employ 
polyelectrolytes  as  pH-responsive  gatekeepers.  For  instance,  in 
their  pH-sensitive  system  of  poly  (glutamic  acid)  grafted  MSNs 
(MSN-PLGA),  the  drug  loading  experiment  was  performed  at  pH 
8.0  because  of  the  electrostatic  attraction  between  DOX  and  the 
nanoparticles.  The  drug  release  behavior  of  MSN-PLGA  loaded 
DOX  was  then  studied  at  different  pH  values  (5.5,  6.8,  and  7.4). 
The  results  indicated  that  MSN-PLGA  had  high  drug  loading 
efficiency  and  exhibited  a  significantly  pH-dependent  drug 
release  behavior.  This  finding  can  be  attributed  to  the  fact  that  the 
protonation  of  poly  (glutamic  acid)  with  decreasing  pH  results 
in  the  dissociation  of  the  electrostatic  interaction  between  PLGA 
and  DOX  and  consequently  facilitates  DOX  release.  Many  other 
polyelectrolytes  were  developed  as  gatekeepers  for  designing  pH- 
responsive  MSNs,  such  as  poly(4-vinyl  pyridine)37,  chitosan38'39 
and  poly(acrylic  acid)40.  Thus,  the  weak  acid  tumor  tissues  make 
pH-responsive  release  systems  suitable  for  the  controlled  release  of 
anti-cancer  drugs. 

pH-responsive  MSNs  with 
supramolecularnanovalves 

The  development  of  supramolecular  chemistry  enabled 
supramolecular  assembly  to  be  made  into  a  ‘nanovalve’  machine 
responding  to  various  stimuli,  such  as  chemical,  light,  and 
electrical  stimuli41.  The  supramolecularnanovalve,  as  a  gatekeeper 
for  controlling  cargo  release,  includes  an  immobilized  stalk 
molecule  covalently  attached  to  silica  surface  and  a  mobile  cyclic 
molecule  encircling  the  stalk  via  non-covalent  interactions29. 
Under  certain  conditions,  the  binding  constant  between  cyclic 
caps  and  stalks  weakens,  thus  resulting  in  large-amplitude 
sliding  motions  of  the  caps  and  the  unblocking  of  nanotunnels. 
Therefore,  supramolecularnanovalves  provide  opportunities  for 
MSNs  to  construct  a  pH-responsive  drug  delivery  system  for 
responding  to  weak  acidic  tumor  tissues  (Figure  3A). 


Meng  et  al.41  reported  a  novel  MSNs  delivery  system  based 
on  the  function  of  (Lcyclodextrin  ((LCD)  nanovalves  that  were 
responsive  to  the  acidic  conditions  of  endosomes  in  cancer  cells. 
In  this  system,  N-methylbenzimidazole  is  chosen  to  serve  as 
stalks  for  the  optimized  pKa  (5.67)  (Figure  3B),  which  binds 
to  the  (LCD  rings  strongly  at  pH  7.4  with  trapping  cargoes  in 
nanotunnels  while  causing  dissociation  with  the  (LCD  caps  at 
pH  <6  in  the  acidifying  endosomal  compartment.  The  profiles 
of  drug  release  accompanied  by  (LCD  detachment  from  MSNs 
before  and  after  acid  stimuli  are  presented  in  Figure  3C,  which 
shows  typical  pH-responsive  release  characteristics.  To  improve 
the  rate  and  quantity  of  DOX  release,  the  interior  of  the  silica 
surface  is  modified  with  7.5%  ammonium  (Figure  3D).  In 
squamous  carcinoma  (KB-31)  cells,  DOX-loaded  nanoparticles 
are  taken  up  into  the  perinuclear  regions  efficiently  within 
3  h,  where  drug  release  to  the  nucleus  is  observed.  The  release 
is  followed  by  apoptosis  at  60  h,  nuclear  fragmentation  after 
80  h,  and  finally  cell  death  (Figure  3E,  left  panel).  However, 
the  release  profile  of  DOX  dramatically  changes  after  NH4C1 
treatment  of  KB-31  cells,  in  which  most  drugs  are  retained  inside 
nanotunnels  and  little  evidence  of  nuclear  staining  and  cell  death 
is  observed  (Figure  3E,  right  panel).  In  addition,  quantitative 
analysis  of  the  nuclear  DOX  fluorescence  signal  and  MTS  assays 
further  confirm  that  the  cargo  release  caused  by  lysosomal 
acidification  is  made  feasible  by  the  pH-sensitive  nanovalves 
during  in  vitro  operation. 

Similarly,  Du  et  al 43  successfully  synthesized  a  biocompatible 
pH-responsive  nanovalve  based  on  MSNs  comprising 
a-cyclodextrin  (a-CD)  rings  and  p-anisidino  linkers  modified  on 
the  silica  surface.  Luminescence  spectroscopy  demonstrates  that 
the  pH-responsive  system  exhibits  good  bio-stability  and  no  drug 
leakage  at  pH  ~7.4,  as  well  as  excellent  drug  release  performance 
not  only  in  H20  but  also  in  cell  culture  medium  at  pH  ~5.5 
upon  the  protonation  of  p-anisidino  nitrogen  atoms  (part  of  the 
linker).  Therefore,  Du  et  al.  explored  the  applications  of  the  a-CD 
nanovalves  based  on  MSNs  by  testing  their  delivery  capability  in 
different  types  of  human  cancer  cells  at  lysosomal  pH  levels. 

In  addition,  cucurbit  [n]uril,  the  structure  of  which  is  similar 
to  cyclodextrin,  is  capable  of  blocking  the  pores  of  MSNs  as 
nanovalves  and  of  preventing  the  cargoes  from  leaking  out  until 
they  are  detached  from  the  stalks  or  positioned  far  away  from  the 
pore  entrances  by  sliding  under  acidic  stimuli41.  In  a  typical  design, 
Angelos  et  al 44  developed  supramolecularnanovalves  composed 
of  cucurbit  (6)uril  [CB(6)]/trisammoniumpseudorotaxanes  that 
are  attached  to  MSNs  surfaces  and  encapsulate  cargo  molecules 
at  neutral  pH  and  then  release  the  cargoes  under  mildly  acidic 
conditions.  Owing  to  the  difference  in  the  binding  affinity  of 
CB(6)  with  NH3+(CH2)6NH3+  and  NH3+(CH2)4NH3+,  the  CB(6) 
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Figure  3  Graphical  representation  of  the  pH-responsive  MSNs  with  supramolecularnanovalves  (A).  Synthesis  of  the  stalk  on  the  surface  of 
MSNs  for  further  (5-CD  capping  on  the  pore  (B).  Fluorescence  intensity  plots  for  the  release  of  Hoechst  dye,  doxorubicin,  and  the  pyrene-loaded 
cyclodextrin  cap  from  MSNs  (C)  and  release  profiles  of  doxorubicin  from  ammonium-modified  (7.5%,  w/w)  nanoparticles  showing  a  faster  and 
larger  response  compared  with  that  of  unmodified  MSNs  (D).  Confocal  images  of  KB-31  cells  incubated  with  MSNs  containing  doxorubicin  for 
the  indicated  times:  KB-31  cancer  cells  effectively  endocytosed  the  doxorubicin-loaded  FITC-MSNs  at  3  h.  This  action  is  followed  by  nuclear 
fragmentation  after  80  h.  However,  with  NH4CI  treatment,  most  of  the  doxorubicin  was  confined  to  nanoparticles,  such  that  no  observable  cell 
death  occurred  (E).  (Figure  3B,C,D,E  are  adapted  with  permission  from  Ref.  42.  Copyright  2010,  American  Chemical  Society). 


ring  shuttles  to  the  distal  hexamethylenediammonium  recognition 
unit  once  the  anilinium  nitrogen  atom  protonated,  which  then 
unblocks  the  pore  orifice  and  facilitates  cargo  release.  More 
importantly,  the  pH  at  which  the  MSNs  system  responds  can  be 
tuned  through  rational  chemical  modification  of  the  stalk. 


pH-responsive  MSNs  with  pH-sensitive 
linkers 

The  pH-sensitive  linkers,  such  as  acetal  bond,  hydrazine  bond, 
and  ester  bond  can  be  cleaved  with  decreasing  pH  value,  thus 
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providing  opportunities  for  designing  pH-responsive  MSNs. 
On  one  hand,  the  pH-sensitive  linkers  modified  over  the  pore 
entrances  of  MSNs  can  induce  bulky  groups  as  nanogates  to 
block  the  pores  and  control  drug  release  (Figure  4).  On  the 
other  hand,  the  pH-sensitive  linkers  can  also  be  modified  in  the 
nanotunnels  to  bond  with  drugs  covalently.  These  drugs  will 
then  be  released  with  the  cleavage  effects  of  linkers  between 
drugs  and  MSNs  under  acidic  conditions. 


Figure  4  Graphical  representation  of  the  pH-responsive  MSNs 
capped  with  polymers  (A)  and  nanoparticles  (B)  that  linked  to  the 
surface  of  MSNs  via  pH-sensitive  linkers. 


Gao  et  al.4S  employed  functionalized  MSNs  as  drug  reservoirs 
and  then  blocked  the  mesopores  with  polypseudorotaxanes 
through  pH-sensitive  benzoic-imine  bonds  hydrolyzed  under 
very  weak  acidic  conditions  but  stable  at  neutral  basic  pH  because 
of  the  proper  n-n  conjugation  extent.  The  polypseudorotaxanes 
consist  of  poly  (ethylene  glycol)  (PEG)  and  a-CD,  with  PEG 
serving  as  the  guest  polymer  for  CD  hosts  and  imparting  in 
vivo  longevity  to  MSNs  by  preventing  nonspecific  protein 
adsorptions  during  the  circulation.  Under  weak  acidic  tumor 
extracellular  pH  (~6.8),  the  benzoic-imine  linkages  begin 
partially  hydrolyzing  to  accelerate  DOX  release  and  meanwhile 
generate  positive  amino  groups  to  facilitate  internalization  of 
particles.  Subsequently,  in  the  more  acidic  endosomal  pH  (~5.0), 
the  increasing  hydrolysis  of  the  benzoic-imine  bond  would 
intensify  the  removal  of  the  polypseudorotaxane  caps  and  thus 
accelerate  the  release  of  DOX  into  the  cytoplasm.  In  HepG2 
cells,  DOX-loaded  MSNs  are  initially  located  within  endosomal 
intracellular  compartments  and  release  drugs  in  the  cytosol 
region  in  a  sustained  manner.  Moreover,  the  different  results 
of  confocal  fluorescence  microscopy  and  cytotoxicity  assay 


between  cells  exposed  to  DOX-loaded  MSNs  at  pH  =6.8  and 
pH  =7.4  again  prove  that  enhanced  tumor-specific  uptake  and 
intracellular  delivery  can  be  achieved  through  the  inclusion  of 
the  benzoic-imine  linkage. 

Analogously,  Liu  et  al.40  reported  a  new  pH-responsive 
nanogated  construction  by  capping  gold  nanoparticles  onto 
mesoporous  silica  through  acid-labile  acetal  linkers  (Figure  4B). 
At  neutral  pH,  the  linker  remains  intact,  and  pores  are  blocked 
by  gold  nanoparticles  to  inhibit  cargo  diffusion.  However,  at 
acidic  pH,  the  hydrolysis  of  the  acetal  group  removes  the  caps 
and  allows  release  of  cargoes.  Aside  from  bulky  groups  capped 
on  the  outlets  via  pH-sensitive  linkers,  Lee  et  al.47  conjugated 
DOX  to  the  inner  wall  of  MSNs  nanochannels  via  liable 
hydrazone  bonds.  Through  EPR  effects,  the  Atto-647-MSN- 
hydrazone-DOX  inherently  accumulates  in  solid  tumors  of  the 
liver.  Nanoparticles  then  highly  concentrate  within  endosomes 
and  lysosomes  of  cancer  cells.  Sustained  release  of  drug  payload 
is  observed  because  of  the  leakage  of  hydrazone  bonds  at 
endosomal  and  lysosomal  pH.  Moreover,  apart  from  DOX,  the 
pH-sensitive  drug  release  mechanism  can  be  applied  to  other 
anti-cancer  drugs  that  possess  functional  ketones  or  aldehydes. 

pH-responsive  MSNs  with  acid- 
decomposable  inorganic  gatekeepers 

The  common  strategies  used  for  surface  functionalization 
include  grafting  organic  species.  However,  such  strategies  have 
been  limited  by  tedious  and  intricate  organic  synthesis  steps  and 
the  lack  of  a  clear  definition  of  the  body  toxicity  of  dismantled 
pore-blocking  agents.  Some  acidic-decomposable  inorganic 
materials  have  recently  been  reported  as  gatekeepers  to  control 
drug  release,  offering  opportunities  to  design  promising  specific 
carriers  for  therapeutic  agents  (Figure  5A). 

Rim  et  al.4S  introduced  inorganic  calcium  phosphate  (CaP)  as  a 
novel  pore  blocker  through  the  enzyme-mediated  mineralization  on 
the  MSN  surface,  which  can  be  dissolved  in  intracellular  endosomes 
as  nontoxic  ions  to  initiate  drug  release.  The  construction  of  the 
nanoparticle  involves  urease  functionalization  of  MSN  surfaces 
and  subsequent  enzyme-mediated  surface  CaP  mineralization  in 
the  presence  of  urea  under  mild  conditions  within  a  short  time. 
For  pH-controlled  DOX  release  from  mineralized  MSNs,  pH 
variation  between  physiological  pH  (pH  7.4)  and  low  pH  (pH  4.5) 
is  employed.  The  results  show  that  a  large  amount  of  DOX 
was  released  after  24  h  under  low  pH  conditions  (Figure  5B). 
Furthermore,  the  pH-dependent  dissolution  kinetics  of  Hap-like 
coating  support  the  DOX  release  profiles  from  CaP  capped  MSNs 
(Figure  5C),  which  confirms  that  the  dissolution  of  pore  blocks 
results  in  the  opening  of  the  pore  and  then  triggers  DOX  release. 
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Figure  5  (A)  Graphical  representation  of  pH-responsive  MSNs  with  acid-decomposable  inorganic  gatekeepers.  (B)  DOX  release  profiles  from 
DOX-Si-MP-UR  and  DOX-Si-MP-CaP  under  pH  control.  (C)  Kinetics  of  calcium  dissolution  from  DOX-Si-MP-CaP  under  pH  control.  (D)  CLSM 
images  of  live  MCF-7  cells  treated  with  Lyso  Tracker  (50  nm),  free  DOX  (5  pg/mL),  and  DOX-Si-MP-CaP  (DOX  =5  pg/mL),  thereinto,  (a)  free  DOX 
for  1  h  exposure;  (b)  DOX-Si-MP-CaP  for  1  h  exposure;  (c)  DOX-Si-MP-CaP  for  5  h  exposure;  (d)  DOX-Si-MP-UR  for  1  h  exposure;  and  (e)  DOX- 
Si-MP-UR  for  5  h  exposure.  (Green  fluorescence  is  associated  with  Lyso  Tracker;  the  red  fluorescence  is  expressed  by  free  DOX,  released  DOX, 
and  DOX  retained  within  MSNs).  Scale  bar:  20  pm.  (E)  In  vivo  therapeutic  efficacy  after  a  single  intratumoral  injection  of  saline  (•),  free  DOX  (■), 
DOX-Si-MP-UR  (A),  and  DOX-Si-MP-CaP(  ♦ )  at  a  DOX-equivalent  dose  of  10  mg/kg.  Inset:  images  of  excised  tumors  at  16  days  after  treatment.  I: 
saline,  II:  free  DOX,  III:  DOX-Si-MP-UR,  IV:  DOX-Si-MP-CaP.  (F)  Tumor  weights  at  16  days  after  treatment.  The  results  represent  the  means  ±  SDs 
(rr=4);  *P<0.05.  (Figure  4B,C,D,E,F  are  adapted  from  Ref.  48  with  permission  of  John  Wiley  and  Sons). 


In  breast  cancer  MCF-7  cells,  DOX-loaded  mineralized  MSNs 
(DOX-Si-MP-CaP)  carry  DOX  in  nanopores  effectively  before 
endocytosis,  and  DOX  release  can  be  facilitated  in  lysosomes  by  the 
dissolution  of  mineral  coatings,  followed  by  the  DOX  release  and 
accumulation  in  the  nucleus  (Figure  5D).  Moreover,  the  evaluation 
of  the  in  vivo  efficacy  of  DOX-Si-MP-CaP  using  xenograft  models 
of  MCF-7  human  breast  cancer  shows  that  a  single  intratumoral 
administration  of  DOX-Si-MP-CaP  is  significantly  more  effective 
in  tumor  reduction  than  control  groups  including  free  DOX  and 
DOX-Si-MP-CaP  (Figure  5E,F). 

Muhammad  et  al.49  employed  acid-decomposable  luminescent 
ZnO  quantum  dots  (QDs)  to  seal  the  nanopores  ofMSNs  in  order 
to  inhibit  premature  drug  (DOX)  release.  After  internalization  into 


HeLa  cells,  the  ZnO  QD  lids  are  dissolved  rapidly  in  the  acidic 
intracellular  compartments,  followed  by  loaded  drug  release  from 
MSNs  into  cytosol.  In  this  pH-responsive  drug  delivery  system, 
ZnO  QDs  behave  as  a  dual-purpose  entity  that  not  only  serves  as  a 
lid  but  also  imposes  a  synergistic  anti-tumor  effect  on  cancer  cells. 
Zheng  et  al.s°  reported  a  pH-responsive  controlled  release  system 
via  using  acid-decomposable  layered  double  hydroxides  (LDHs) 
as  inorganic  nanovalves,  by  virtue  of  the  electrostatic  interaction 
of LDH  nanosheets  on  the  surface  ofMSNs.  The  preparation 
procedure  of  the  pH-responsive  MSNs  is  free  from  complicated 
organic  synthesis.  Guest  molecules  are  loaded  and  capsulated  in 
neutral  and  released  in  acidic  pH  depending  on  the  dissolution  of 
LDHs.  Thus,  acid-decomposable  inorganic  materials  are  promising 
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candidates  for  designing  pH-responsive  MSNs. 

Conclusion  and  outlook 

In  this  review,  we  highlighted  the  exciting  research  advances  on 
pH-responsive  drug  delivery  systems  based  on  MSNs.  Various 
materials  can  be  used  as  gatekeepers  to  control  drug  release 
under  acidic  conditions.  These  materials  have  great  potential 
for  application  in  tumor  therapy  and  for  improving  anti-cancer 
drug  efficiency  and  decreasing  side  effects.  However,  most  work 
is  focused  on  in  vitro  studies51.  Thus,  several  challenges  still  need 
to  be  overcomed  for  the  further  advancement  of  the  biological 
and  biomedical  applications  of  pH-responsive  MSNs.  First,  the 
differences  in  the  pH  values  between  tumor  microenvironment 
and  normal  tissues  are  minimal,  making  the  manipulation  of  the 
stimuli-responsive  drug  delivery  system  in  vivo  via  pH  difficult. 
Second,  the  targeting  effects  of  pH-responsive  MSNs  depending 
on  EPR  effects  are  low,  thus  causing  nanoparticles  accumulation 
in  some  organs,  such  as  the  heart,  liver,  and  spleen.  Upon 
accumulation  in  normal  tissues,  MSNs  can  be  internalized  into 
cells  via  endocytosis  to  trigger  drug  release,  which  may  result 
in  side  effects.  Third,  the  biodistribution,  acute  and  chronic 
toxicities,  changes  in  molecule  level,  long-term  stability,  and 
circulation  properties  of  stimulus-responsive  drug  delivery 
systems  need  to  be  further  investigated  before  implementation 
in  clinical  practice.  Therefore,  future  work  in  designing  stimulus- 
responsive  MSNs  will  most  likely  be  directed  toward  the 
integration  of  multiple  stimuli  strategies  that  can  respond  to  two 
or  more  stimuli  simultaneously  and  can  bear  targeting  molecules 
for  efficiently  directing  the  nanoparticles  to  tumor  tissues,  with 
low  toxicity  and  good  pharmacokinetic  profile. 
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a)  Wright  D,  Lin  S,  Lin  PC,  Wu  CS,  Zhang  D,  Duerinckx  A,  Wang  PC,  Lee  DL.  Measuring  Renal 
Oxygenation  in  a  Mouse  Model  of  Volume-Dependent  Hypertension  using  BOLD  MRI.  Radiological 
Society  of  Northern  America,  Chicago,  IL,  Dec  1-6,  2013. 

Purpose:  Hypertension  is  closely  associated  with  the  progression  of  kidney  damage  and  dysfunction. 
Tissue  hypoxia  in  the  hypertensive  kidney  contributes  to  the  progression  of  kidney  damage.  Peroxisome 
proliferator  activated  receptor-a  (PPAR-a)  is  a  nuclear  receptor  that  plays  an  important  role  in  reducing 
volume-dependent  hypertension.  Previous  reports  demonstrate  that  a  slow  pressor  dose  of  Angiotensin 

11  (Ang  II)  is  a  model  of  volume-dependent  hypertension.  The  goal  of  this  study  was  to  determine  the 
role  of  PPAR-0  on  renal  oxygenation  using  blood  oxygen  level-dependent  (BOLD)  MRI  in  a  model  of 
volume-dependent  hypertension. 

Materials  and  Methods:  Wild-type  (WT)  and  PPAR-a  knockout  (KO)  mice  were  imaged  using  a  multiple 
gradient  echo  BOLD  sequence  (12  echoes  from  3.2-54ms,  TR=900ms)  on  a  9.4T  MRI  to  measure 
functional  changes  in  renal  oxygenation.  Imaging  was  performed  during  baseline,  day  12  of  Ang  II  (400 
ng/kg/min),  and  9  days  after  Ang  ll-treatment  (recovery).  T2*  relaxation  time  was  measured  in  the 
cortex  and  medulla  of  the  kidney. 

Results:  Cortex  T2*  values  were  lower  in  KO  vs  WT  during  baseline  (11.0  ±  1.1  ms  vs  13.1  ±  1.5  ms),  day 

12  of  Ang  II  (11.6  ±1.2  ms  vs  16.2  ±1.5  ms)  and  9  days  after  Ang  II  (12.5  ±  0.7  ms  vs  15.2  ±  0.3  ms). 
Medulla  T2*  values  were  lower  on  day  12  of  Ang  II  in  KO  (16.5  ±  2.5  ms)  vs  WT  (20  ±  1.6  ms)  mice. 
Medulla  T2*  values  were  similar  between  KO  and  WT  mice  during  baseline  and  the  recovery  period.  In 
KO  and  WT  mice,  cortex  T2*  values  were  lower  than  that  of  the  medulla,  indicative  of  different 
metabolic  functions  between  the  two  tissues. 

Conclusion:  PPAR-a  plays  an  important  role  in  blood  pressure  regulation  and  renal  oxygenation  in  the 
cortex  and  medulla  of  the  kidney  during  Ang  ll-induced  hypertension. 

Clinical  Relevance  Statement:  Hypertension  is  a  risk  factor  for  chronic  kidney  disease  when  untreated. 
BOLD  MRI  can  aid  in  monitoring  renal  oxygenation  changes  during  hypertension  and  determine 
therapeutic  interventions  in  humans. 

b)  Wang  PC.  Nanoparticles  as  Targeted  Drug  Delivery  Vehicles  for  Molecular  Imaging  and 
Chemotherapy  Applications.  Taiwan  Industrial  Technology  Research  Institute,  HsinChu,  Taiwan. 
December  10,  2013. 

Nanotechnology  is  a  multidisciplinary  scientific  undertaking  involving  the  creation  and  utilization  of 
materials,  devices,  or  systems  on  the  nanometer  scale.  It  is  currently  undergoing  explosive  development 
on  many  fronts  and  is  expected  to  spark  innovation  and  play  a  critical  role  in  various  biomedical 
applications,  especially  in  drug  delivery.  Advances  in  nanotechnology  that  enable  drugs  to  preserve  their 
efficacy  while  being  delivered  to  precise  therapeutic  targets  are  creating  a  host  of  opportunities  for  drug 
developers.  By  combining  nanotechnology-based  target-specific  drug  therapy  with  methods  for  early 
diagnosis  of  pathologies,  we  are  getting  closer  to  creating  the  ultimate  functional  drug  carrier  for 
personalized  medicine.  In  this  presentation,  the  molecular  imaging  techniques  based  on  optical  imaging 
and  MRI  will  briefly  be  introduced.  Two  research  studies,  (1)  using  liposome  labeled  florescent  dye  and 
encapsulated  MRI  contrast  agent  as  a  dual  probe  for  imaging,  and  (2)  using  metallofullerene 
nanoparticles  to  circumvent  tumor  resistance  to  cisplatin,  will  be  presented  as  examples  of  applications 
of  nanotechnology  in  imaging  and  therapy.  Some  challenges  of  using  nanoparticles  as  drug  delivery 
vehicles  will  also  presented. 
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c)  Zhang  Z,  Wang  J,  Nie  X,  Chen  C,  Wang  PC.  Near  Infrared  Laser  Mediated  Targeted  Tumor  Thermo¬ 
chemotherapy  Using  Thermosensitive  Polymer  Coated  Gold  Nanoparticles.  Howard  University 
Research  Day  2014.  Washington  DC.  April  4,  2014. 

Background:  Targeted  delivery  of  therapeutic  agents  to  tumors  has  the  potential  to  increase  efficacy 
while  minimizing  side  effects.  Poly(N-isopropylacrylamide)  is  a  thermosensitive  polymer  that  can  shrink 
when  heated  in  water.  Combined  with  the  photothermal  effect  of  gold  nanorods,  a  nanocomposite  was 
created  for  the  laser-mediated  targeted  therapy  of  tumors. 

Methods:  Mesoporous  silica  and  Poly(N-isopropylacrylamide)  was  coated  onto  the  surface  of  gold 
nanorods  and  loaded  with  Doxorubicin  to  form  a  nanocomposite.  This  was  administered  to  breast 
cancer  tumor  bearing  mice,  followed  by  near-infrared  laser  irradiation  of  the  tumor.  The  biodistribution 
of  the  nanocomposite  was  analysed  using  inductively  coupled  plasma  mass  spectrometry.  Therapeutic 
efficacy  was  evaluated  by  daily  size  measurements  and  the  final  weight  of  the  tumor  after  14  days. 
Results:  Laser  irradiation  caused  solution  heating,  which  decreased  the  nanocomposite  size  and 
dissociated  the  electrostatically  absorbed  Doxorubicin  releasing  it.  The  accumulation  of  the 
nanocomposite  and  its  payloads  was  significantly  enhanced  by  laser  irradiation.  The  nanocomposite 
with  laser  treatment  almost  completely  inhibited  tumor  growth,  which  was  significantly  better  than 
nanocomposite  or  laser  treatment  alone. 

Conclusions:  The  photothermal  and  thermosensitive  properties  were  successfully  combined  to  facilitate 
laser-mediated  targeted  delivery  of  heat  and  doxorubicin  to  the  tumor.  The  enhanced  accumulation  is 
probabaly  due  to  the  decreased  size  and  increased  tumor  vascular  permeability  at  elevated 
temperatures  when  the  tumor  was  irradiated.  Since  the  laser  can  be  manipulated  precisely  and  flexibly, 
this  laser  mediated  nanocomposite  provides  a  versatile  platform  to  simultaneously  deliver  heat  and 
anticancer  drugs  to  tumor  with  facile  control  of  the  area,  time,  and  dosage. 

d)  Shan  L,  Lin  S,  Lin  PC,  Zhang  Z,  Liu  Y,  Wang  PC.  Engineered  Antibody  Fragments  and  Immunotoxin 
for  Targeted  Imaging  and  Therapy  of  Prostate  Cancer.  Howard  University  Research  Day  2014. 
Washington  DC.  April  4,  2014. 

Background:  Prostate  cancer  is  the  most  common  malignancy  and  the  second  leading  cause  of  cancer- 
related  death  among  American  men.  This  high  mortality  is  mainly  due  to  the  inability  to  define  early 
lesions  and  lack  of  an  efficacious  therapeutic  technique. 

Methods:  By  capitalizing  upon  the  overexpression  of  prostate-specific  membrane  antigen  (PSMA)  in 
almost  all  prostate  cancers  and  the  high  specificity  of  J591  antibody  against  the  extracellular  domain  of 
PSMA,  we  engineered  three  antibody  fragments  including  single-chain  variable  fragment  (scFv),  bivalent 
tandem  scFv  (biscFv),  and  bivalent  scFv  fold-back  diabody  (scfbDb),  and  further  constructed  a 
recombinant  immunotoxin  by  fusing  the  diabody  with  a  mutated  diphtheria  toxin  moiety  (DT390).  The 
biological  properties  of  the  engineered  fragments  and  the  anti-tumor  efficacy  of  the  immunotoxin  were 
studied  in  culture  cells  and  animal  models  of  prostate  cancer. 

Results:  The  binding  affinity  of  scfbDb  was  7-fold  and  2.5-fold  higher  than  that  of  the  scFv  and  biscFv 
formats,  respectively.  In  vitro,  scfbDb  efficiently  mediated  the  entry  of  toxins  into  the  PSMAexpressing 
LNCaP  cancer  cells,  inducing  cell  apoptosis  and  growth  arrest  (1C  50,  ~0.57  nM).  In  animal  models,  the 
immunotoxin  significantly  inhibited  the  growth  of  LNCaP  tumor  xenografts,  but  not  the  growth  of  PSMA- 
negative  PC-  3  xenografts  (0.27±0.09  vs.  0.67±0.11  g;  P  <  0.05).  Specific  tumor  targeting  was  further 
confirmed  with  optical  imaging.  The  data  has  been  published  in  Adv  Healthc  Mater  2(5):736-44,  2013. 
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Conclusions:  The  engineered  antibody  fragments  and  immunotoxin  could  serve  as  a  springboard  to 
develop  targeted  imaging  and  therapeutic  agents  with  high  sensitivity  and  specificity  against  prostate 
cancers. 

e)  Lin  S,  Shan  L,  Lin  PC,  Zhang  Z,  Gu  X,  Wang  PC.  Construction  of  Transferrin  Receptor-targeted  Multi¬ 
modality  Agents  for  Cancer  Imaging.  Howard  University  Research  Day  2014.  Washington  DC.  April 
4,  2014. 

Background:  Transferrin  receptor  (TfR)  is  overexpressed  in  a  wide  variety  of  human  tumors  including 
head  and  neck  squamous  cell  carcinoma  (HNSCC)  and  breast  cancer,  serving  as  an  optimal  target  for 
cancer  imaging. 

Methods:  To  achieve  TfR-targeted  imaging  of  tumors,  we  generated  an  optical  imaging  agent  and 
further  constructed  a  dual  nanoprobe. 

Results:  Western  blotting  and  immunocytochemistry  showed  TfR  was  overexpressed  in  all  four  HNSCC 
cell  lines,  compared  with  that  in  normal  keratinocytes  (OKFL).  In  the  JHU-013  HNSCC  tumor  xenografts, 
specific  accumulation  of  the  optical  imaging  agent  was  clearly  detected  with  optical  imaging  as  early  as 
10  min  and  peaked  at  ~120  min  after  injection.  A  high  fluorescent  ratio  of  the  tumor  to  muscle  was 
obtained,  which  ranged  from  1.42  to  4.15,  depending  on  the  tumor  sizes.  MRI  and  optical  imaging 
studies  showed  that  the  dual  nanoprobe  could  significantly  enhance  the  image  contrast  of  the  MDA-MB- 
231  breast  cancer  xenografts.  The  tumor  contrast  enhancement  in  MRI  exhibited  a  heterogeneous 
pattern,  consistent  to  the  pathologic  heterogeneity  of  tumors.  Pretreatment  with  Tf  blocked  the  uptake 
of  the  probe  reporters,  indicating  the  specificity  of  the  nanoprobe. 

Conclusions:  The  optical  imaging  and  the  dual  nanoprobe  exhibited  superior  properties  to  the  contrast 
agent  of  Magnevist  and  will  be  useful  for  detecting  tumors,  identifying  the  tumor  pathologic  features, 
and  monitoring  the  tumor  response  to  therapy. 

f)  Wang  PC.  Howard  University  Biomedical  Core  Facility.  Howard  University  Research  Day  2014. 
Washington  DC.  April  4,  2014 

The  Howard  Molecular  Imaging  Laboratory  (MIL)  is  a  university  core  facility  to  promote  and  support  a 
sustainable  long-term  research  using  modern  imaging  technology  to  study  the  mechanism  of  disease 
processes  and  their  response  to  therapy  at  the  molecular,  subcellular,  cellular,  and  whole  animal  levels. 
The  objectives  of  MIL  are  (1)  to  provide  state-of-the-art  instrumentation,  technical  expertise  and 
essential  services  for  molecular,  cellular  and  in  vivo  imaging  (2)  to  provide  a  broader  training  in 
biomedical  imaging  through  methodology-centered  seminars,  workshops,  mini-courses,  and  internships 
(3)  to  foster  new  multidisciplinary  research  collaborations  using  modern  imaging  techniques.  The  MIL 
has  a  9.4T  NMR  machines  for  small  animal  imaging  and  MR  spectroscopy  studies,  a  Caliper  Spectrum 
optical  imaging  machine,  and  an  Olympus  confocal  microscope.  The  MIL  provides  expertise  in  imaging 
experiment  design,  and  offers  high  resolution  and  high  sensitivity  MRI,  optical  imaging,  and  multi¬ 
photon  confocal  microscopy  imaging  services.  The  MIL  also  provides  expertise  and  services  in: 
development  of  efficient  organ  and  intracellular  targeting  and  amplification  strategies,  as  well  as  in 
developing  strategies  for  identifying  suitable  biomarkers,  or  imaginable  gene  products.  The  MIL  provides 
assistance  to  develop  nanoparticles  with  ligands  to  transfect  cells  with  bioluminescent  or  fluorescent 
markers,  targeted  to  specific  receptors,  proteins  or  biochemical  pathways  for  in  vitro  and  in  vivo  studies. 
Research  supported  by  NIH/NIMHD  8  G12  MD007597,  and  DOD  USAMRMC  W81XWH-10-1-0767. 
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g)  Lin  PC.  Assessment  of  chemical  exchange  kinetics  through  CPMG  multiple  spin-echo  NMR 
measurements.  Howard  University  Research  Day  2014.  Washington  DC.  April  4,  2014. 

A  number  of  NMR  spectroscopic  methods  possess  the  capability  of  assessing  the  dynamics  of  the  ligand- 
receptor  complex  such  as  the  kinetic  rate  constants.  However,  certain  drawbacks  including  the  titration 
procedure  of  gradually  changing  the  concentration  ratio  between  ligand  and  receptor  limit  the 
applications  of  these  NMR  methods,  particularly  in  excluding  the  study  of  in  vivo  pharmacokinetics.  To 
eliminate  the  disadvantage  of  being  inaccessible  to  the  in  vivo  investigation,  we  propose  an  alternative 
approach  through  use  of  fluorine-19  NMR  spectroscopy  equipped  with  a  multiple  of  mixing  bovine 
serum  albumin  (BSA)  into  a  6-fluoro-DL-tryptophan  solution  was  selected  to  detect  the  kinetics  of 
chemical  exchange.  In  addition,  dialysis  membrane  was  used  to  separate  the  protein-ligand  mixture 
from  the  ligand  only  solution,  which  mimics  the  intracellular  and  extracellular  fluids  in  the  body.  The 
MSE  NMR  experiment  was  designed  to  measure  a  row  of  fluorine-19  signals  at  incrementally  changed 
echo  times  to  form  a  free  induction  decay,  and  the  echo  time  interval  in  the  MSE  pulse  sequence  was 
adjusted  to  collect  a  series  of  free  induction  decays  for  examining  the  spin-spin  T2  relaxation  dispersion. 
A  non-negative  least  squares  algorithm  was  used  for  multiexponential  T2  analysis  to  extract  different  T2 
relaxation  times  that  represent  free  and  BSA  bounded  6-fluoro-DL-tryptophan,  respectively. 
Furthermore,  quantification  of  free  and  BSA-bounded  tryptophan  can  be  achieved  through  individually 
integrating  the  corresponding  peaks  located  around  T2  relaxation  times  of  1  sec  and  100-200  msec.  This 
approach  demonstrates  the  potential  in  the  in  vivo  pharmacokinetics  study. 
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